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PREFACE. 


In this work an effort has been made to supply work- 
ing electricians with a practical treatise on Armature and 
Magnet Winding. Special stress has been laid upon the 
practical side of the subject, so as to enable the student 
to see clearly the exact manner in which the work is 
actually performed. 

Sufficient of the theory of armature winding has been 
given to enable the student to comprehend fully why cer- 
tain precautions and methods are necessary. Without 
this theory an intelligent understanding of the necessity of 
complying with these conditions is impossible. 

In this work, no less than in the others preceding, 
the motto of the authors has been: “Everything that is 
needed and nothing that is not needed.’’ 

The manner in which the previous efforts of the authors 
have been received by the practical workers in the elec- 
trical field gives rise to the hope that this volume may be 
of equal benefit to those interested in this particular line 
of work, and that it may so prove is the earnest wish of 

THE AUTHORS, 
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CHAPTER I. 
ELEMENTS OF ARMATURE DESIGN. 
Current Generation. 


Figures 1 and 2 are drawn to illustrate the principles 
of current generation in dynamo armatures. Figure 1 
shows the simplest possible form of dynamo; the arms- 
ture consists of but one turn of wire, as shown by heavy 
black lines. This wire is assumed to be fastened to the 
shaft and to turn with it in the direction of motion, in 
this case indicated by the arrow. In the dynamo, it is 
well known that an E. M. F. is generated by a conductor 
cutting lines of force; the current, in turn, depends on 
the E. M. F. so produced. The E. M. F. depends on the 
rate at which the lines of force are cut, i. e., upon the 
number cut in a given time. To produce one volt it is 
necessary to cut lines of force at the rate of 100,000,000 
per second. It is immaterial, so far as the generation of 
this voltage is concerned, whether one wire cuts through 
a field containing 100,000,000 lines of force once per sec- 
ond, or whether. one wire passes through a field contain- 
ing 10,000 lines of force, for instance, 10,000 times per 
second. : 

If the shaft of the armature, Figure 1, be set in motion, 


the wire revolves with it and begins to cut lines of force, 
1 
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shown as broken lines in Figure 2. The direction of flow 
of the current generated in the wire depends upon the 
‘direction of the motion of the conductor and the direction 
of the lines of force being cut. A reversal of either of 
these two factors will effect a reversal of the current; if 
both are reversed, there will be no change. A very handy 





Figure 1. 


rule by which these various factors may be kept in mind 
has been given by Fleming and is as follows: Place the 
thumb and first two fingers of the right hand in a position 
at right angles to each other as shown in Figure 3. As- 
suming that the lines of force pass from the north to 
the south pole, place the hand in such a position that 
the index finger will point in the direction of the lines 
of force. If the thumb now points in the direction of 
motion of the conductor, the second or middle finger will 
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indicate the direction of flow of the induced current. For 
determining these directions in the case of a motor, use 
the left hand in a similar manner. 

If we notice closely the conductor, Figure 2, through 
the course of one revolution, we shall see that with every 
half revolution the direction of current within it must 





Figure 2. 


change; for the wire at the right, moving downward, cuts 
the lines of force in just the opposite direction to what 
it will when it arrives at the lower position and begins 
to move upward. The same change will, of course, take 
place in the other half of the wire shown at the left. In 
Figure 2 the direction of flow of the current in the con- 
ductor is indicated by the conventicnal signs, a dot rep- 
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resenting current flowing toward the observer and a cross 
representing current flowing away from the observer. | 
These two symbols may he easily remembered by con- 
sidering the dot as the advancing point of an arrow and 
the cross the retreating tail feathers. 

There are two different ways in which the current in 
the revolving conductor can be collected, and which of 
these ways we choose to use determines whether we shall 





Figure 3. 


receive an alternating or direct current from the dynamo. 
If we select the method shown in Figure 4 we shall ob- 
tain an alternating current; that is, a current which will 
be reversed in direction every half revolution of the 
armature. Not only will this current change in direc- 
tion, but it will also continually change in strength. We 
have already stated that the E. M. F. produced varies 
with the rate of cutting lines of force. Since the speed 
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of the wire is of necessity uniform, it is apparent that 
it will be cutting lines of force at the highest rate of 
speed while in the position shown in Fig. 2, i. e., at right 
angles to the lines of force. As the wire leaves this 
position it moves, more and more, in a direction parallel 
to the lines of force until it assumes a vertical position. 
At this point it is moving exactly parallel to the lines 
of force and is generating practically no current. The 





Figure 4, 


current has fallen to zero, but an instant later it will 
again begin to increase in value, but in the opposite di- 
rection, continuing in this direction until the wire again 
assumes the vertical position, when the current again 
sinks to zero only to reverse again immediately after. 
For very many purposes the alternating current is not 
desirable and it therefore becomes necessary to rectify it. 
™ order to dc this the wire is connected as shown in 
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Fig. 5. While in Fig. 4 we had only two collector rings 
which served simply to make connection with the arma- 
ture conductors and the outside circuit, in this figure we 
have what is termed a ‘‘commutator.’’ The office of 
this commutator is to change the connections between 
the armature wires and the outside circuit at the proper 
moment in such a manner that the current in the outside 
circuit may be always in the same direction. This is 
done in the following manner: Referring to Fig. 2 
it will be noticed that there are two brushes resting upon 
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- Figure 4, 


the commutator and that these brushes serve to take off 
the current and deliver it to the external circuit. The 
commutator as it revolves with the shaft slides under 
these brushes, and when the wires assume a vertical po- 
sition the opening between the two halves of the com- 
mutator will be in a line with it and both halves will be 
in contact with each of the brushes. At this point the 
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eoil will be short-circuited. As the wire continues in 
motion, a moment later the upper conductor will have 
changed from connection with the lower brush to that 
of the upper brush with a corresponding change in the 
lower conductor. It will be further noticed that this 
change was made to occur at just the time when no cur- 
rent was being generated. It can further readily be seen 
that with this arrangement the current in the outsid2 
wires remains always in the same directign, while, in the 
armature itself it continues to alternate as before. 


oe DS eB ee 


Figure 6. 


A simple dynamo, the armature of which consists of 
but one turn of wire, is of course impracticable. Every 
actual dynamo has a large number of turns of wire in 
order to procure the requisite E. M. F. If, however, in- 
stead of the one turn we should place a hundred turns 
of wire on the armature in the same manner, by taking 
that many turns around the core before connecting the 
other end to the commutator, we would still have a dy- 
namo that, while it would operate, would be of very lit- 
tle use. A dynamo having but one coil would deliver a 
current that would be constantly fluctuating in value 
as represented by the curve in Fig. 6. The current, 
although always in the same direction in the external cir- 
cuit, would drop to zero every time the coil would come 
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to that part of the field where the lines of force cut are 
parallel to the motion of the conductor. This coil would 
also, owing to its width, be short-circuited by the brushes 
while some of the conductors were in the active field and 
considerable sparking would be apt to result. 

By adding another coil to the armature at right an- 
gles to the coil shown we would have a commutator con- 
sisting of four segments. Only one coil at a time would, 
therefore, be short-circuited, and while one coil was gen- 
erating practically no current, the other would be gen- 
erating its maximum current. This current may be rep- 
resented by the curve, Fig. 7, where it will be seen that 


SOY 





Figure 7. 


the irregularities in the current strength are somewhat 
reduced, the current approaching a more uniform value. 
It is evident that by increasing the number of coils and 
placing them at regular distances around the armature 
these irregularities would be still further decreased. For 
this reason, and for a number of others of which we 
shall treat more fully in another chapter, armatures are 
always provided with a large number of coils. 

If we were to reverse the conditions just described and 
instead of turning the armature and taking current from 
it we were to have a current flow through it in the op- 
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posite direction, as would, for instance, be the ease where 
two dynamos are operating in parallel and the belt 
should slip off of one, the conditions would be as shown 
in Fig. 8. The current passing around the armature in 
the conductors tends to set up poles, as indicated by the 
vertical line drawn through the center of the figure, 
The poles set up by the armature and those of the fields 
act upon each other. A north pole attracts a southi{piote 
and repels another north pole, hence the armature és 
drawn around as indicated and continues to move ‘intthe 
same direction. 
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an iron armature core placed between these pole pieces 
would then be magnetized with opposing poles, as shown 
in the figure. When the armature begins to deliver cur- 
rent, however, it also becomes an electro-magnet and sets 
up a field of its own. If the brushes were set so that 
gurrent flowed through the armature conductors as shown 
ait: Fig. 10 the armature would then become a magnet 
stvith; north and south poles as shown. This figure shows 
aa sing. armature with the front end .of the conductors 
srpmetivedyso as to give a view of the iron core and admit 





ait 
Figure 9. 


of showing the path oF the lines of force. When this 
armature is generating currtht the flow is away from the 
observer in those wires ‘$iéWH with crosses and toward 
the observer in those wires shown with dots. The out- 
going currents froma The two''Sihes meet at the top and 
 bhift exttering recurrent fromthe exteynal, circuit divides at 
the bddtesm, half passing; through each side of the arma- 
thre:tsiomeg yee $i todd aobto ni ti dessor. 
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the resultant of the field produced by the pole pieces and 
the field produced by the current in the armature, would 
be set up. The conditions as they would then exist are 
shown in Fig. 11. The north and south poles of the 
armature now occupy an oblique position between the 
two previous positions (that due to the field magnets and 
that due to the armature currents). If very little cur- 
rent flows in the armature conductors it is quite evident 
that the armature polarity will be due almost entirely to 
the field magnetism, or as shown in Fig. 9. As the cur- 





Figure 10. 


rent in the armature increases the armature poles will 
gradually shift their positions (assuming the field mag- 
netism to remain constant) and their position will, at 
any time, depend on the current flowing through the 
armature. 

In order to obtain sparkless commutation it is neces- 
sary, as will be more fully explained in the following 
pages, that the brushes rest on the neutral point, or that 
point at which the armature conductors are moving par- 
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allel to the lines of force, and where, consequently, there 
can be no generation of current. This position will be at 
right angles to the line between the armature poles. If 
the armature is delivering very little current the neutral 
line will lie approximately midway between the pole 
pieces, while, if the armature is delivering considerable 
current, there is a greater reaction and the armature 
poles, and likewise the neutral point, will shift its posi- 
tion in the direction of rotation of the armature. It can 
readily be seen that as the neutral point is shifted the 





Figure 11, 


tendency of the armature current is to still further dis- 
tort the resultant field. Thus it becomes necessary to 
shift the brushes in the direction of motion of the arma- 
ture with an increased load, and in the opposite direction 
with a decreasing load. 

This effect is known as the ‘‘cross magnetization’’ of 
the armature, due to the cross field or field at practically 
right angles set up by the armature currents. This reac- 
fion is much greater in a ring armature than with a 
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drum armature and is one of the reasons why such arma- 
tures are better suited for variable voltage are circuits 
than the drum armatures. At the same time this fact 
makes the armature less suitable for constant potential 
work. 

It will be specially noticed that the lines of force are 
crowded together at the ends of the pole pieces from 
which the armature is receding. The relation between 
the direction of the lines of force and the motion of the 
conductor will always exist in the case of a dynamo, and 
hence it can be seen that the lines at the top resist, and 
those at the bottom assist, the flow of the lines of force 
in the field. This effect must be taken into consideration 
in the design of an armature, as the permeability of the 
iron may be considerably reduced by the excessive num- 
ber of lines of force passing through the pole tips. 

In the case of a motor the current in the armature is 
in the reverse direction to that of a dynamo. The same 
distortion of field will result, but in this case the arma- 
ture will have a polarity opposite to that shown in Fig. 
11. The lines of force are now crowded together at the 
pole tip toward which the armature is advancing, or 
against the direction of rotation. The neutral line of 
the armature is also shifted in the opposite direction and 
the brushes must, therefore, be moved correspondingly. 
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DEMAGNETIZING EFFECT OF THE ARMATURE, 


When an armature is revolving between the pole pieces 
of a field magnet and is generating only a small current, 
the brushes occupy a position practically midway between 
the pole pieces and the only effect the armature currents 





Figure 12. 


would have on the pole pieces would be that due to the 
cross magnetization. When a considerable current is be- 
ing generated in the armature and the neutral point has 
been shifted and occupies an oblique position, the arma- 
ture currents will be seen to influence the field magneti- 
zation in another way ‘This effect may be seen by re- 
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ferring to Fig. 12. Here’ the brushes have been shifted 
to the position of sparkless commutation. Tracing out 
the current in the armature conductors according to 
Fleming’s rule it will be seen that current in conductors 
1 to 18 flows toward the rear of the armature, and in 
conductors 19 to 36 toward the front of the armature. 
The current in conductors 1 to 15 and 19 to 33 tends to 
cross magnetize the magnetic field produced by the pole 
pieces, but the current in conductors 34 to 36 and 16 to 
18 tends to produce north and south poles as indicated 
in the figure. These poles are in opposition to the field 
poles and tend to demagnetize them. Those armature 
conductors, therefore, which lie between the two upright 
lines are known as the ‘‘demagnetizing’’ turns of the 
armature and they must always be considered in the de- 
sign of a dynamo or motor, as the fields must be made 
strong enough to overcome their effect. * 

Fig. 13 shows the effects in the case of a motor. Here 
the current in the armature is in the opposite direction 
and the brushes are shifted against the direction of rota- 
tion. It will be seen that the demagnetizing effect is 
the same as in the case of a dynamo. It is possible to 
so design the armature and fields that in this way the 
magnetism of the armature can overpower the fields. The 
reaction of the armature can be decreased by increasing 
the air gap between the fields and the armature. Also, 
by increasing the strength of the fields, we are enabled to 
get along with a lower speed or fewer wires, and, as the 
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reaction is proportional, other things being equal, to the 
ampere turns on the armature, it is thereby reduced. The 
greatest reduction in reaction, however, is effected when 
dynamos are constructed multipolar or with a number of 
poles. 





Figure 13. 


SPARKING, 


It is evident, from what has been said before, that to 
obtain sparkless commutation the brushes should be set 
at approximately the neutral point, this being the point 
toward which the current generated in the two halves of 
the armature tends to flow. This position is shown for ar 
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wrmature generating heavy current in Fig. 14, where 
only a section of the armature with the commutator seg- 
ments and conductors approaching a south pole piece are 
shown. Tracing out the induced currents, it will be seen 
that current in conductors 1 and 2 of the left-hand half 





Figure 14. 


of the armature are flowing around the iron ring core 
toward commutator segment c, upon which the brush 
rests. Current in conductors 3 and 4, ete., which belong 
to the right-hand half of the armature, is flowing in a 
reverse direction around the core, also toward the com- 
mutator segment c. It is apparent that when conductor 
2 passes the neutral point, the current in ‘his conductor 
must be reversed. 
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Every coil has a certain inductance; that is, it tends 
to restrict any change in the current passing through it. 
If, when there is no current passing through it, the coil 
was connected to a live cireuit it would take some little 
time for the current to reach its full strength. On the 
other hand, if current is already passing through the coil 
and the cireuit is suddenly broken, the current tends to 
keep on flowing and manifests itself in the form of a 
spark. The greater, the number of turns comprising the 
coil and the better the quality of the iron of which the 
core is constructed, the greater the inductance. 

As the armature moves to the right, the brush will 
make contact with commutator segments b and c, and coil 
2 will be short-circuited. Two things may now occur. If 
the brush happens to be set a little to the left of the 
neutral point, coil 2 will be in a position where it is cut- 
ting lines of foree and generating current. If the 
resistance of the coil is low, as it generally is, considerable 
current will be generated, and this current will flow in 
the same direction as previously, but only in the coil in- 
stead of the circuit. 

If the brush is set a little to the right of the neutral 
point, coil 2 will again be in a position where it will cut 
lines of force, but the induced current will tend to flow 
in a direction opposite to that previously flowing in the 
coil. 

As the armature continues to revolve, commutator seg- 
ment c leaves the brush and coil 2 is then thrown in 
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series with the balance of the coils on the right-hand side 
of the armature. With the brush in the position as given 
in the first case, coil 2 would be generating considerable 
current in the same directicn as that in coil 1 and the 
current from coil 3, being opposed by that in coil 2, 
would then jump across the space between the commu- 
tator segment and the tip of the retreating brush and 
severe arcing would ensue, this arcing continuing until 
the opposition offered by coil 2 had been reduced to a 
sufficient extent to allow the current to flow through it. 

If, at the moment of separation, between the brush and 
the segment c, the brush was in the second position de- 
scribed, or at the right of the neutral line, the current in 
coil 2 would have been reversed at the time of breaking 
contact with the segment and would have been flowing 
in the same direction as that in coil 3. This coil would 
therefore offer no resistance to the passage of current 
through it from the remaining coils on the right-hand side 
of the armature and no arcing would occur at the time of 
separation of the brush and segment. 

It is apparent that there will be one position where the 
brush can be set and at which no detrimental arcing can 
oceur. 

The bearing surface of the brush also has an effect or 
the sparking. With a brush just wide enough to cover 
the insulating space between the segments the current in 
coil 2 would have to be reversed instantly at the point of 
break to avoid sparking. This, of course, could not be 
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done. If the brush was carried to the other extreme and 
made large enough to cover several segments, several 
coils would be short-circuited for some length of time, 
and the armature, commutator and brushes would become 
heated from the excessive current. This would also cut 
down the voltage produced by the machine, as several 
coils would be inactive. 

The sparking of a dynamo is also greatly affected by 
the resistance of the brushes. An inspection of the fig- 
ures will show that the current which is generated in a 
coil while it is on short circuit must pass through both 
lead wires and the brush. In an armature of many coils 
the E. M. F. produced in any coil is quite small and 
hence a little resistance will considerably check it. Fur- 
thermore, the greater the current used by the machine 
the less will be the tendency of the current generated in 
the coil to flow in opposition to the current in the main 
circuit. The coil should therefore be in such a position 
that the current induced in it tecds to oppose the current 
in the main circuit which enters or leaves the brush. 

Another effect that must not be overlooked is the re- 
duction of the E. M. F. by an improper position of the 
brushes. If the brushes are shifted too far, many of the 
coils on the same side as the brushes will be in fields 
of opposite sign, 7. e., generating E. M. F. in opposite 
directions, and will therefore neutralize each other. If 
the reaction of the armature is very great it will destroy 
the opposing field ahead of the coils, as can be seen from 
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Fig. 11; that is, the lines of force of the fields will be 
partly overcome by the countermagnetization of the 
‘armature and the coils spoken of will merely be dead or 
inactive. But if the reaction of the armature is small 
the field will remain undisturbed and some of the coils 
will act in opposition to euch other. 


MAGNETIC CIRCUIT. 


If an ordinary bar magnet is placed directly below a 
sheet of cardboard, upon which has been sprinkled a small 
yuantity of iron filings, and the cardboard is then gently 





Figure 15. 


tapped, the filings will align themselves in the position 
shown in Fig. 15. The position of these filings indicate 
the presence of a magnetic field in the space surrounding 
the magnet. 

Every magnet is supposed to be surrounded by a field 
similar to the one shown, this field being traversed by 
segnetic lines which pass through the metal of the mag- 
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net, pass out of the magnet at one end and return through 
the space surrounding the magnet and enter it at the 
other end, thus making a complete circuit. Whether or 
not these magnetic lines actually exist we do not know; 
for our purpose we are more concerned in the effects of 
these magnetic lines than in their actual existence, and 
the assumption of a magnetic field with magnetic lines 
gives us a convenient method for understanding and ex- 
plaining the various actions. It is also assumed that in 
a magnetic circuit the lines of force flow through the air 
from a north pole to a south pole. 

If the permanent bar magnet in Fig. 15 was replaced 
by a coil of wire carrying a current of electricity, prac- 
tically the same effects would be observed as in the case 
of a permanent magnet. 

A permanent magnet is composed of a large number 
of molecules, each molecule forming by itself an indi- 
vidual magnet with north and south poles. When these 
molecules become united and form a homogeneous mass 
the magnetism of all of them unites and forms one mag- 
net with north‘and south poles. In a similar manner each 
turn of wire in a coil sets up a magnetic field of its own, 
but when a number of turns are combined to form a 
coil the magnetic effects of all of the turns unite and 
form one magnetic field with north and south poles. 

The force which sets up the magnetic field is known as 
the ‘‘magneto-motive force,’’ just as the force which in- 
duces a current of electricity to flow is known as the 
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electro-motive force. The two forces in their actions are 
entirely similar. In an electrical circuit the effective 
E. M. F. is a combination of all the individual E. M. F.’s; 
for instance, the effective E. M. F. in a battery circuit 
is the combined E. M. F.’s of all the batteries in the 
circuit. So it is in the case of a magnetic circuit, the 
magneto-motive force (M. M. F.) which is effective in 
producing the magnetic lines is the combined magneto- 
motive forces of all the individual elements. 

The magneto-motive force in an electro-magnet or sole- 
noid depends upon two things: First, the amount of cur- 
rent passing through the wire of the coil, and second, the 
number of times the wire encircles the core, or, taking 
these two things together, the ampere turns. The effect 
is independent of the size, shape or composition of the 
wire (except, of course, as these may affect the current), 
or of the manner in which the turns are placed upon the 
core. It is also immaterial, so far as the resultant flux 
is concerned, what proportion exists between the number 
of turns and the amperes. For example: 25 turns of 
wire carrying 4 amperes would give the same results as 
4 turns of wire carrying 25 amperes, the ampere turns in 
each ease being 100. 

If we were to pass a steady current through the wire 
of a coil we would find that a magnetic field would be 
produced. If we measured the strength of this field we 
would find a certain definite number of lines of force 
to each unit of area, the exact number depending on the 
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magneto-motive force producing the field. If an iron core 
is placed inside of the coil and the number of magnetic 
lines per unit of area again ascertained it would be found 
that the number had greatly increased. This increase in 
the number of magnetic lines is the result of decreasing 
the resistance of the magnetic circuit. Just as every sub- 
stance offers a certain resistance to the flow of an electric 
current, in a like manner every substance offers a cer- 
tain resistance to the flow of magnetic lines. In the case 
of a magnetic circuit this resistance is called the ‘‘ 
luctanee.’’ Reluctance in a magnetic circuit and re- 
sistance in an electrical circuit are analagous with these 
exceptions: With a uniform temperature the resistance 
of an electrical conductor is independent of the amount 
of current flowing. In a magnetic conductor the re- 
luctance varies and bears a certain relation to the num- 
ber of magnetic lines present, or thc magnetic flux. 

The magnetic flux is inversely proportional to the re- 
luctance, but is directly proportional to the permeability, 
the permeability being the reciprocal of the reluctance. 
In comparing electrical conductors we generally consider 
their conductivities, the conductivity being the reciprocal 
of the resistance; for instance, if a certain conductor has 
a resistance of 2 ohms and another conductor of the same 
length has a resistance of 4 ohms, their conductivities 
are as 1% (.5) is to 14 (.25), or in other words, the con- 
ductivity of the first is twice the conductivity of he 
second. 


re 
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The same relation holds true with permeability in a 
magnetic circuit; the higher the permeability, the greater 
the number of magnetic lines produced with a given mag- 
netizing force. The permeability of air is considered as 
unity. The permeability of any other substance is the 
ratio between the number of lines of force produced with 
a given magnetizing power when the magnetic circuit is 
composed of the substance in question and when it is 
composed of air. 

If a coil of wire comprising a certain number of ampere 
turns produced 20 lines of force per unit area in air and 
2,000 magnetic lines when an iron core was used, the 
permeability of the iron core would be 2,000/20, or 100. 

The permeability of the iron, as has already been 
stated, varies according to the degree of saturation. If 
we were to magnetize a piece of iron to a low degree by 
allowing a small current to flow through the wire of the 
coil surrounding it, we would find a certain number of 
lines to be produced in the iron core. If, by gradual 
steps, we increased the magnetizing current and at each 
step determined the number of lines produced, we would 
notice that the resulting magnetism would at first increase 
in about the same proportion as we increased our mag- 
netizing current. After a certain point was reached the 
iron would become saturated and an increase in the 
exciting current would cause very little increase in the 
magnetic lines. The permeability is, therefore, higher 
when the iron is only slightly magnetized and lower when 
we approach saturation. 
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The curves, Fig. 16, show the behavior of several metals 
under various magnetizing forces. The ampere turns per 
inch are plotted along the horizontal line and the result. 
ing magnetic lines per square inch along the vertical 
lines. An examination of the curves will show that, in 
the case of wrought iron, for instance, when the metal 
is first magnetized, a certain number of magnetic lines 


CURVES OF MAGNETIC INDUCTION 
FOR WROUGHT IRON, CAST STEEL AND CAST IRON 





Figure 16. 


will be produced per square inch. As we increase the 
magnetizing current we find that the resulting magnetism 
increases very rapidly until we arrive at the point where 
the metal approaches saturation. Beyond this point an 
increase in the ampere turns results in only a slight in- 
crease in the magnetic lines. 
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In designing an electro-magnet of any kind, such as 
the field coils of a dynamo, for instance, this peculiarity 
of the iron must be taken into consideration and it would, 
yenerally, be inadvisable to work the iron much beyond 
the point where it reaches saturation. 

With cast iron it will be seen that a given magnetizing 
foree produces a much smaller magnetic flux density than 
with wrought iron. It is usual in the design of magnets 
to ascertain the exact behavior of the iron which it is 
intended to use so that its exact action under various 
magnetizing forces is known. 

In an electrical circuit, by insulating the conductors 
or surrounding them with materials of high resistance, 
we may confine the flow of current to certain definite 
paths. This cannot be done with a magnetic circuit, as 
there is no known insulator for magnetic lines of force. 
This can be seen by the location of the filings in Fig. 15, 

The lines of force leave the magnet over its entire 
length and are not confined entirely within the metal. 
Outside of iron and the magnetic metals all materials 
such as air, wood, brass, etc., possess the same reluctance 
and, so far as the effects shown in Fig. 15 are con- 
cerned, they would be identical were the magnet sur- 
rounded by any of these materials. While it is impos- 
sible to insulate the path of the magnetic lines, we may 
by providing paths of low resistance confine them to 
certain definite directions. 

The reluctance of a magnetic circuit increases directly 


28 ARMATURE WINDING 


with the length and inversely with the cross section, just 

.as the resistance of an electrical conductor increases with 
its length and decreases with its cross section. As an ex- 
ample, doubling the length of a magnetic circuit doubles 
the reluctance and doubling the cross section halves the 
reluctance. 

Taking into consideration the several properties of the 
magnetic circuit just described, it has probably already 
been seen that the principles of Ohms law as applied to 
electrical circuits will also apply to the magnetic circuit. 
For the ‘electrical circuit Ohms law is: 


Electro-motive force 


Ampere Resistance 


For the magnetic circuit this law would apply: 


Magneto-motive force 


Magnetic flux = Reluctance 


Fig. 17 shows the magnetic circuit in a bi-polar dy- 
namo. The magneto-motive force is supplied by the 
windings on the two field magnets. . The reluctance of 
the magnetic circuit is determined by the composition of 
the metal of the frame and armature, the length and 
cross-section of the several parts of the magnetic circuit, 
the joints in the metal frame and the air gap on either 
side of the armature. The magnetic flux, therefore, is 
the result of these factors and it can be increased by in- 
creasing the exciting turns, which will increase the mag- 
neto-motive force, or by decreasing ‘the reluctance by pro- 
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viding a suitable metal, or by increasing the cross-section 
of the magnetic path or by decreasing the loss due to 
the mechanical joints and the air gaps. 
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Figure 17. 


FOUCAULT CURRENTS, 


‘We have seen how an E. M. F. is induced in a wire 
moving in a magnetic field. Such induction takes place 
not only in the conductors wound upon the core, but 
within the iron of the core itself. If an armature made up 
of a solid piece of iron is revolved in a magnetic field, as 
shown in Fig. 18, currents of electricity will circulate 
in the iron as indicated by the broken lines and arrow 
heads. If the speed of the armature be very great these 
currents will be of considerable strength and will heat 
the iron and consume energy. Such currents can never 
be entirely prevented, but they can be reduced to a mini- 
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mum by laminating the core. Instead of the armature 
being made up of one solid iron core, it is made up of 
a number of thin plates of the proper dimensions. These 
plates are usually 1/100 to 1/25 of an inch thick. They 
are pressed together after first having been insulated 
from each other either by the oxide which forms on the 
surface of the iron, or by sheets of paper or suitable var- 
nish. These plates or punchings are put on the armature 
shaft so that they lie in a line with the lines of force and 





Figure 18. 


at right angles to the direction in which the induced cur- 
rents would flow. In an armature made up in this man- 
ner the induced currents can circulate only in the indi- 
vidual disks, and, if these are thin, these currents will 
amount to but very little. 

These eddy currents are also produced in the pole 
pieces owing to the variation in the magnetic field which 
occurs when the armature rotates. Especially is this the 
ease with slotted armatures. 
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HYSTERISIS. 


This is another of the troublesome factors in armature 
construction. Iron, in general, has the property of re- 
taining some of its magnetism; that is, when the mag- 
netizing force is withdrawn not all the magnetism leaves 
the iron. The remaining magnetism must be destroyed 
when a current in the opposite direction is set up around 
the coil. Where the magnetizing force is always in the 
same direction hysterisis does no harm; but, if the mag- 





Figure 19. 


netism is rapidly reversing, its effects are quite notice- 
able. An inspection of Fig. 19 will show us the effects 
hysterisis has upon an armature. Since the lines of 
force move from a north pole to a south pole, the rela- 
tive polarity of the fields and armature will be, at any 
instant, as indicated. But the armature is in constant 
motion; therefore the polarity of any given part of the 
iron of which the core is constructed will be constantly 
changing from one polarity to the other. If the iron is of 


32 ARMATURE WINDING 


such a quality that it retains a large amount of mag- 
netism it will heat up considerably, and, since the num- 
ber of reversals of the magnetism are in proportion tc 
the number of revolutions, the greater the speed the 
greater will be the effect of hysterisis. To reduce the 
troubles from hysterisis to a minimum it is necessary to 
use a very soft annealed iron or steel. 


CHAPTER II. 
ARMATURES—MECHANICAL CONSIDERATIONS. 


Economy of construction demands that an armature 
be run at a high rate of speed. In any armature the 
output in volts can be increased by simply increasing the 
speed ; the output in amperes cannot be so increased un- 
less at the same time larger wires are used. If, how- 
ever, in any armature we should inerease the size of the 
wires so that fewer turns would be upon it we can com- 
pensate for the consequent loss in voltage by increasing 
the speed and this, with the same armature, also increases 
the output in amperes. It will be seen that speed is an 
important item in the construction ot any armature. To 
operate at a high rate of speed requires the very best 
workmanship and mechanical construction. 

_ Whenever a high speed is to be used it is of the ut- 
most importance to see that the armature is well bal- 
aneed. Any rotating piece of machinery is said to be 
out of balance when one side is heavier than the other. 
This condition of being out of balance will manifest it- 
self by a more or less severe jarring and shaking of the 
frame upon which it rests when running. 

Whether an armature is in balance while at rest can be 
easily determined by placing it upon two knife edges, 

33 
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as shown in Fig. 20. If these edges are perfectly level 
the armature will roll to one side or the other until the 
heaviest part is at the bottom. If the diameter of the. 
armature is small compared to its length this test will not 
be very sensitive. If the diameter is great as compared 
to its length a small excess of weight on one side will 
cause it to roll over. If a very good balance for high 
speed is to be obtained this method must not be relied 





Figure 20. 


upon. In such a case the armature should be placed in 
bearings and run at its proper speed. If there is much 
jarring or shaking the armature is out of balance and 
this must be rectified. 

It ig obvious that this had best be done before any wire 
is placed on the core. How it may come about that the 
armature may be perfectly balanced statically and yet 
almost unfit for the work while in operation at a high 
rate of speed can be seen from Fig. 21. If there is an 
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excess of weight at 1 this may be perfectly balanced for 
a state of rest by the addition of a similar weight at 2. 
If, however, the armature is revolved at a high rate of 
speed there will be a tendency to strain the shaft as in- 
dicated by the dotted lines. 

An armature out of balance is rectified by adding 
weights at different places until the proper amount is 
found. This will make itself evident by the smooth run- 
ning. If possible the weights should now be removed 





Figure 21. 


and an equal weight of metal removed from the armature 
at the side opposite to that at which it was found neces- 
sary to add weight. If, for instance, it was found neces- 
sary to add one pound at 3, Fig. 21, the same result can 
be obtained by removing one pound at 1. 

In speaking of high speeds it must be understood that 
it is not, necessarily, a great number of revolutions that 
are required to produce a certain E. M. F. What is re- 
quired is that a certain number of conductors shall cut 
through the lines of force surrounding the pole pieces in 
a given length of time. As these conductors are always 
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located on the periphery of the armature, it is the speed 
of this part that counts. The greater the diameter of 
the armature, therefore, the lower the speed of the shaft. 
Other things being equal, the capacity of an armature is 
directly proportional to its length. We may therefore 
choose whether we shall increase the capacity of a ma- 
chine by increasing the length of the armature or the 
diameter. 

If the length of the armature is too great there is some 
danger that the shaft will hend, not only from centrifugal 
force to which it is subject, but also from the magnetic 
attraction of the pole pieces if it is not well centered. 
For this reason armature shafts are often made as shown 
in Fig. 22. 





Figure 22. 


The centering of an armfure is an important point. 
It rests between two powerful magnets. If it is exactly in 
the center the attraction of one pole piece will neutralize 
that of the other, but if it is the least bit out of center 
there will be a strong attraction to one side and this wil 
greatly add to the friction. The bearings and pole pieces 
should be in such relation to each other that the armature 
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can be truly centered and that there will be no likelihood 
of their becoming loosened. The bearings should have 
sufficient surface so that the wear will be a minimum 
for wear will quickly bring an armature out of the cen- 
ter. Bearings should, furthermore, not be of iron or 
steel. If the shaft is constructed of the same material 
there may be some magnetic attraction between the shaft 
and the bearing which would increase the friction and 
eause heating. Bearings should also be out of line of the 
magnetic circuit, as such magnetization will cause the 
shaft to generate foucault currents which will heat it 
and in turn heat the bearings. The shaft should also be 
protected by shields which will prevent oil from run. 
ning along it and getting into the wires on the armature, 
The lateral play which is essential to the smooth running 
of the shaft can be obtained by lining up the shaft after 
the belt is put on. This lateral play also tends to dis. 
tribute the wearing surface of the brushes over the sur. 
face of the commutator, thereby giving a more uniform 
contact surface. It is quite evident that if the armature 
was made to run without this lateral movement the 
brushes would always bear on the same part of the com- 
mutator and a ridge would soon be worn in it. 

The inexperienced mechanic should be warned not to 
skip lightly over any part of the work. While, of course, 
there is no visible connection between the armature and 
the pole pieces of the machine, and while it seems tu be 
turning free and easy, it must he borne in mind that the 
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force exerted upon the armature is, nevertheless, just as 
great as though a friction clutch of the capacity of the 
armature were applied to the periphery of the armature. 
Furthermore, in the case of a sudden overload or short 
circuit, or too rapid starting in the case of a motor, the 
force applied is almost as severe as the blow of a hammer. 


MECHANICAL CONSTRUCTION OF THE ARMATURE. 


All good armatures are made up of a number of punch- 
ings similar to those shown in Figure 23. These punch- 
ings are made of soft iron or steel. The figures illustrate 
the different forms of slots used in connection with arma- 





Figure 23. 


tures. Into these slots the wires are wound as will be 
hereafter explained. The punchings are usually made of 
thin iron with some form of insulation provided between 
them to reduce the foucault currents. This insulation is 
obtained by inserting layers of thin paper between the 
sheets of metal or by coating the punchings themselves. 
Paper and similar materials used for this purpose will 
in time char from the heat of the armature and work 
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out and tend to loosen the armature. Care should also 
be exercised in the use of an insulating varnish, as some 
of these varnishes will soften from the heat of the arma- 
ture and are thrown ont on the pole pieces. 

As many of the punchings as are necessary are slipped 
upon the shaft of the armature as indicated in Figure 20 
and fastenened together with clamps shrunk upon the 
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Figure 24. 





il 


shaft or with large nuts screwed on the shaft. Bolts ex- 
tending through the punchings are often used. These 
bolts must be insulated from the punchings, otherwise 
there will be a flow.of current through the shaft, the 
body of the armature and the bolts. (See Figure 24.) 
It is well to remember that in laying out the armature 
and the means of fastening it to the shaft that the 
foucault currents will flow according to the principles of 
any other electrical circuit so that to keep these cur- 
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rents to a minimum no electrical paths should be pro- 
vided through the armature. 

Where an armature is slotted as indicated in Figure 23 
some of the punchings are often made of smaller diameter 
than the rest, or are afterwards turned down as indi- 
cated in Figure 20. This is to allow room for the bind- 
ing wires which are put on after the winding is com- 
pleted. Sometimes the punchings are not slotted but are 
milled out and narrow bars of metal or wood inserted in 





Figure 25. 


the grooves as shows in Figure 25. These bars are for 
the purpose of keeping the wires from slipping. If of 
metal they must be insulated from the punchings for 
the same reason as was explained with the use of bolts. 
In some cases the slots are made partially closed as 
shown. This makes it a little more difficult to insert the 
wires, but they are then held securely in place. Often 
these slots are made wedge shape: and the tops closed 
by means of wood or fiber strips after the wires have been 
put in place. In some cases the slots containing the 


wires are entirely closed. 
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In slotted armatures, especially if the slots are deep, 
when the punchings are forced together that part of the 
punchings which projects beyond the ring R, Figure 20, 
is likely to bulge out. In order to prevent this a few 
pieces: of extra heavy metal are obtained and used at the 
ends. One punching of insulating material is also gener- 
ally used at each end. 





Figure 26. 


For small armatures the punchings are generally left 
solid. With diameters of 18 inches or so openings are 
left. These openings lighten the armature and are also 
useful in ventilating it to reduce the heating. With very 
large armatures opportunities for radial ventilation must 
also be given. For this purpose some of the punchings 
are corrugated or otherwise arranged so that they allow 
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air to pass from the center outward. When such pieces 
(see Figure 26) are used in connection with the open- 
ings shown in the punchings, the air drawn in at the 
sides escapes radially and thus helps to keep the arma- 
ture cool. This is further illustrated in Figure 27, which 
shows one of the methods used by the Westinghouse Co. 

The punchings are preferably made of metal ranging 
from 10 to 30 mils in thickness. The thinner the better 
so long as the metal can be easily handled. Punchings 





Figure 27. 


should be made as accurate as possible. ‘Where it is 
necessary to turn down an armature to obtain perfect 
roundness the foucault current losses are greatly in- 
creased. This is due to the fact that the cutting tool of a 
lathe has a tendency to bend over the edges of the thin 
punchings and cause an efectrical contact which allows 
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current to flow. If it is necessary to smooth down an 
armature this work is best done with a sharp file or with 
an emery wheel. For this purpose the armature is cen- 
tered in a lathe and the emery wheel mounted so as to 
revolve in the opposite direction to that of the armature 


and cut away the high portions of it. _ 

In most of the modern armatures the windings are 
placed in slots and held in place by wedges. Where 
binding wires are needed to hold the coils in place it is 
customary to use the best steel or phosphor bronze wire. 
The necessary cross section of the total number of wires 
to be used for this purpose can be found by the follow- 
ing formula: 

Wt. X D Xr. p. m.? X .000000000455; where Wt. 
equals the total weight of the conductors: D is the 
diameter of the armature in inches; and r. p. m. the 
number of revolutions per minute. As an example this 
gives us for Wt. 600, D 60 inches and r. p. m. 150, 0.368 
square inches of metal which should be in the wire. To 
be exact the tensile strength of the wire in question 
should be taken into consideration but as that is hardly 
ever known to the workman the figures are based upon 
the strength of good material and therefore need not be 
used in the formula. 

In the following table the number of turns per square 
inch of various B. & 8. gauge wires have been figured 
out and may be used. In order to determine how many 
turns of wire of any of the sizes given are necessary we 
need but multiply the number of wires per square inch 
given by the result of the above formula. 

Table showing number of wires per square inch. 


B. & S. Gage No. Wires 
18 617 
17 487 
16 387 
15 306 
14 243 
13 193 


CHAPTER III. 
ARMATURE WINDINGS—DIAGRAMS. 


The subject of armature winding resolves itself into 
a question of the proper placing of the armature con- 
ductors upon the core, the correct number of conduc- 
‘tors, and the exact method of connecting together the 
various conductors themselves and the conductors and the 
commutator segments. 

The proper placing of the conductors, and the num- 
ber of conductors which should be used, will be shown 
for the different cases in the examples following. In 
connecting together the various armature conductors it 
is necessary, in order to secure satisfactory results, that 
certain rules be followed. 

It is evident that when two brushes are used there 
must be two paths in parallel through the armature from 
brush to brush, as shown in Figure 28. Figure 28 is a 
developed view of the armature conductors and pole 
pieces, and is that view which would be obtained were 
a person to take up a position corresponding to that 
occupied by the armature shaft and make a complete 
revolution, thus bringing into view consecutively all the 
armature conductors and the pole pieces. This method 
of showing the armature admits of a clearer understand- 
ing of the various conditions and will be used in the illus- 
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trations following. The solid lines represent the active 
conductors on the face of the armature and the dotted 
lines the inactive conductors on the inside of the arma- 
ture. The small squares at the top represent the com- 
mutator segments and the cross sections the pole pieces. 
Arrows indicate the direction of flow of the induced cur- 
rent and the direction of motion of the conductors. 

By observing the direction of current flow in the sev- 
eral conductors it will be seen that there is one com- 
mutator segment toward which the current in the two 





Figure 28. 


conductors connected to it flows. Likewise, another com- 
mutator segment will be found where current flows 
away from it. These are the proper brush locations 
and are designated in the diagram by the positive and 
negative signs. Figure 29 represents diagrammatically 
the two paths through this armature. 

Where four brushes are used there must be four paths 
in parallel from brush to brush, as shown in Figure 30, 
which is a development of the same armature winding as 
shown in Figure 28, but used with a four-pole field. Fig. 
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ure 31 represents diagrammatically the four paths 
through the armature. 

It follows, therefore, that where two brushes are used 
there being two paths through the armature, it will be 
necessary, in order to obtain a symmetrical winding, that 
half the armature conductors be connected in series in 
each of these paths. With four brushes there will be 
four paths and one-fourth of the total number of arma- 
ture conductors must be connected in series in each of 
these paths. 


Figure 29. 


It is also apparent that in each of these several paths 
only those conductors should be connected in series in 
which the induced current is additive. Furthermore, in 
order that equal potentials shall be produced, the con- 
ductors of each group must occupy similar positions rela- 
tive to the pole pieces. This can be seen by an examina- 
tion of the winding in Figure 44. As an illustration, 
assume that the conductors which le directly under the 
center of the pole pieces are developing an E. M. F. of 2 
volts, those nearer the edge of the pole piece 1 volt and 
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those between the poles 0 volts. If the four paths be- 
tween the two positive and negative brushes are now 
followed out it will be seen that each group of conduc- 





Figure 30. 


tors is developing a difference of potential of four volts, 
As a general rule then, in connecting together the 
armature conductors, these points must be observed: 


+ 


Figure 31. 


Only those conductors must be connected together to form 
a group in which the E. M. F.’s are additive; there 
must be equal numbers of conductors in each group; the 
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conductors of each group must oceupy similar positions 
in relation to the pole pieces. The various factors which 
enter into the design of an armature sometimes make an 
exact compliance with these general rules inadvisable. 
The exceptions will be pointed out in the descriptions 
following. 





Figure 32, 


Figures 32 and 33 represent the development of a 
drum wound armature, having 18 conductors and a four- 
pole field. The number of conductors and the method 
of connecting the conductors together at the rear of the 
armature (shown in the development by the connections 
at the lower part of the ficures) are identical. The 
connections between the conductors, and between the con- 
ductors and the commutator segments are not the same 
in each case. As we have already seen, it is necessary 
in connecting together conductors to form a group that 
the E. M. F.’s be additive. 

In Figure 32 if we start from commutator segment i, 
which in the position shown is the point where tne 
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current enters the armature, we will find by tracing out 
the circuit that current flows through conductors 17, 4, 
segment a, conductors 1 and 6 and out at segment 5. 
The path through the armature between the two brushes 
is through conductors lying under adjacent north and 
south poles, and the winding at each turn around the 
armature laps back to a commutator segment adjacent 
to the one from which it started. This winding is 
known as the ‘‘lap’’ winding. 





Figure 33. 


It will be noticed that with a lap winding in a four- 
pole field there are four brushes. Likewise, in a six- 
pole field there would be six brushes; the lap winding 
requiring as many brushes as there are poles. 

If we now trace out the circuits in Figure 33 it will 
be observed that, starting from the negative brush, the 
following path is followed: Segment 7, conductors 17.4, 
segment e, conductors 9-14, segment a, when we arrive 
at the commutator segment adjacent to the one - from 
which we started, but in this case we have passed through 
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a conductor under each pole piece. This winding instead 
of lapping back as in the previous case progresses in a 
regular manner around the armature in a wave-like path 
and is therefore known as a ‘‘wave winding.’’ By tra- 
cing out the balance of the circuit it will be found that 
there are two paths through the armature from brush 
to brush and only two brushes are required. 

As has previously been stated in connecting together 
the conductors around the armature certain definite rules 
must be followed. A formula developed by Arnold, which 
is applicable to practically all cases of armature winding, 
gives us a convenient means of determining the proper 
connections to comply with these rules. This formula is 
given below. 


where y=the pitch, 
z=total number of conductors, 
b—number of conductors’in one element of wind- 
ing, 
a=-a constant, 
n—number of poles. 


To thoroughly understand tHe application of this 
formula some explanation of the various factors is neces- 
sary. The term 2 denotes the total number of conduc- 
tors around the armature. In the diagrams shown in this 
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chapter the armature conductors are represented as sin- 
gle lines or single conductors. For obvious reasons an 
armature wound with single conductors, especially if only 
a few conductors were used, would be impractical; but 
it is evident that if each coil consisted of a number of 
turns and the ends of the coil were connected as shown 
by the lines in the diagrams, the effect, so far as the 
armature connections are concerned, would be the same 
as if only one turn was used. In determining the value 
of z, therefore, we ignore the actual total number of con- 
ductors and consider each coil as a single turn around 
the armature. In Figure 40 z—16; in Figure 64 z—18. 
An element of the winding is that portion of the wind- 
ing between two commutator bars. The term 8, there- 
fore, represents the number of conductors between two 
commutator segments. In this case, as in the case of the 
total number of conductors, we consider each coil as one 
eonductor. In Figure 40 b=1; in Figure 62 b—2. 
The number of poles is denoted by the term n. In a 
bi-polar machine n—2; in a four-pole machine n—4, etc. 
The value of a for multi-polar machines determines 
the number of branchings of the circuits through the 
armature. If a1, there will be a single branching or 
two circuits in parallel as shown in Figure 29. If a=2, 
there will be two branchings or four circuits in parallel 
through the armature as shown in Figure 31. 
The term y indicates the pitch or spacing, or the num- 
ber of conductors passed over in connecting together twa 
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conductors. The meaning of the term y can be better 
understood by referring to Figure 34, which represents 
the end view of an armature with 12 conductors and 12 
winding spaces. If the value of y is taken as 5 and we 
wish to know what conductor 1 should be connected to, 
we begin to count with conductor 2 and count five con- 





Figure 34. 


ductors, which would bring us to conductor 6, this being 
the 5th conductor or the 5th winding space from con- 
ductor 1. Conductor 3 would connect to conductor 8. 
If the value of y is 7, conductor 1 would connect to con- 
duetar 8: conductor 3 to couduetor 10. ete. 

7c determine the number of conductors when we have 
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a given pitch we transpose the terms of the formula 
which gives us 


a=b(y% a), 


The application of this formula for the various classes 
of winding will be shown in the examples following: 

Armature windings are divided into three general 
classes, as follows: 


Ring wound armatures, 
Drum wound armatures, 
Disk wound armatures. 


These windings are again subdivided into what are 
known as open coil windings, where the winding forms 
an open eircuit; and elosed coil windings, where the 
winding forms a closed circuit. 

The ring winding and drum winding are in most gen- 
eral use and each system will be described in detail. As 
the disk winding has not had any extensive application 
in this country no further explanation of it will be given. 
On direct current machines the windings are generally 
of the closed coil type, although the open coil type of 
armature is employed on some constant current, are light- 
ing machines. This type of armature is open to the 
objection that sparking at the brushes is excessive and 
some special means must always be provided to reduce it, 
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RING WOUND ARMATURES. 


The ring armature, or as it is commonly called, the 
gramme ring armature, comprises an iron core in the 
shape of a ring upon which the conductors which are 
to convey the current are wound. Figure 35 shows a 





Figure 35, 


simple form of ring winding. This figure also shows 
the magnetie circuit of this form of armature when used 
with a two-pole field. The coils are wound on separately, 
the wire being carried over the outside of the iron core, 
then back through the center opening and again around 
the outside of the core, this operation being repeated 
until all the wire for that individual section is wound 
on. The adjacent coil is then wound on in the same 
manner, the ends of each coil being brought out to the 
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side of the armature on which the commutator is to be 
placed. When the armature is completely wound the 
end of each coil is connected to the beginning of the 
coil next to it, the winding, therefore, forming a con- 
tinuous spiral encircling the iron core. Taps are brought 
down from the point of connection of the coils and con- 
nect to the commutator. 

There are various advantages and disadvantages to 
this class of winding which must be taken into considera- 
tion in determining whether it is a suitable form to use. 

As only those conductors which cut lines of force are 
active in the production of current it is evident that the 
conductors which lie’ on the inner side of the iron ring 
serve no useful purpose so far as the generation of cur- 
rent is concerned. Numerous attempts have been made 
to utilize this part of the winding by making the pole 
pieces extend around the ring in such a manner that 
lines of force will pass to the inside of the ring; also 
by arranging an additional pole piece on the inside of 
the armature, but mechanical considerations make these 
devices impractical. 

The inactive wire on the inside of the ring armature 
forms one of the greatest disadvantages of this class of 
winding, especially where the armature carries heavy cur- 
rents. In are lighting machines, where a comparatively 
small current is used, this loss is not of so great impor. 
tance and is entirely outweighed by the several advan 
tages as will appear after further consideration. 


‘ 
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In selecting the type and form of armatifre for the 
design of a certain machine it is well to remember that 
with armatures of the ring type the inactive conductors 
on the inside of the ring become proportionally less as: 
compared with a drum armature where the ring is great 
in diameter. The cross connections at the end of a drum 
armature also form an inactive part of the armature cir- 


Figure 36. Figure 37. 
Figure 39. Figure 38. 


suit and the loss from these conductors becomes propor- 
tionally large where the armature is of a great diameter. 
This may be better understood by reference to Figures 
36, 37, 38 and 39, where exaggerated shapes are shown. 

With the ring armature each individual coil is gener- 
ating at any instant an electromotive force which is 
proportional to the number of lines of force being cut 
by that coil. The difference of potential between con- 
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ductors which le side by side increases as we leave the 
point of commutation and becomes a maximum between 
those conductors which are in the strongest part of the 
field. It is evident that the total E. M. F. developed by 
the armature is spread out in a regular manner over each 
set of coils lying between a set of brushes and it is also 
plain that there can never be any very great difference 
of potential between adjacent conductors, nor between 
adjacent commutator segments. By increasing the num- 
ber of coils the number of commutator segments is like- 
wise increased and the difference of potential between 
adjacent commutator segments and adjacent coils is 
greatly reduced. 

Another point of advantage in this type of winding lies 
in the absence of crosses between wires of opposite polar- 
ity, both in the coils themselves and in the taps extending 
to the commutator. This will be more apparent when 
we come to the consideration of drum windings. 

Other advantages pertaining to this class of winding 
are as follows: 

As it is possible to increase the diameter of the arma- 
ture without greatly increasing its weight a much higher 
velocity can be obtained in the moving conductor with a 
corresponding increase in ‘the E. M. F. produced. 

A defective coil can be easily detected and easily re- 
placed without disturbing the balance of the winding. 

In case of emergency a defective coil can sometimes 
be cut out and the machine still operated. 
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Better ventilation due to the open style of construc- 
tion. : 

Its disadvantages in addition to those already men- 
tioned are: 

The resistance of the magnetic circuit is increased 
owing to the shape of the armature. See Figure 35. 
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Figure 40, 
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A ring armature requires more work to wind as each 
coil has to be wound on by hand and is, therefore, more 
expensive. , 

While all ring armatures are wound in practically 
the same manner, the winding consisting of a number 
of eoils each of which is wound on separately, the con- 
nections between the coils vary in the different types 
of windings. 
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Figure 40 shows the simplest furm of ring winding 
as used with a bi-polar field. While only 16 conductors 
are shown it is evident that each coil, instead of having 
but one turn of wire, could consist of a number of turns, 
or the number of coils themselves could be greatly in- 
creased. To simplify the drawing, and to make the 
tracing out of the circuits easier, the neutral point or 
point of commutation in this figure, and in the figures 
following, has been assumed to lie directly between the 





igure 41. 


pole pieces. It will, as has already been explained, be 
shifted in the direction of rotation in the case of a dyna- 
mo, and in the reverse direction in the case of a motor. 
Figure 41 shows a development of the winding of Fig- 
ure 40. : 

Figure 42 shows a ring armature with a four pole 
field. The armature connections remain as before, but 
there are now four brush positions instead of two. The 
resistance of the armature is only one-fourth of what 
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it is with a two pole field and the carrying capacity is 
doubled. As there are four paths through the arma- 
ture, and each of these paths must consist of an equal 
number of conductors, the total number of conductors 


oO 
~ 
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Figure 42. 


(or coils) should be a multiple of the number of pole 
pieces. For instance: with a four pole field there could 
be 16, 20, 24, etc., conductors. 

With an armature connected according to the plan 
shown in Figure 42 it is necessary, in order that equal 


ARMATURE WINDINGS—DIAGRAMS 6) 


E. M. F.’s be generated in each of the four sections of 
the armature winding, that all four poles be of equal 
strength. In machines of irregular design the magnetic 
circuits through the pole pieces may be of unequal pro- 
portions, this resulting in an unequal distribution of the 
lines of force, with a corresponding inequality in the 
E. M. F.’s developed in each series of coils on the arma- 
ture. 





Figure 43. 


To overcome this objectionable feature the armature 
may be connected as shown in Figure 44. The coils 
which are connected in series now lie under adjacent pole 
pieces instead of under only one pole piece with the 
result that the E. M. F. developed by each series of coils 
is more uniform even if the poles are of different 
strengths. 

Four brushes are used, but the number of commnu- 
tator segments is now reduced to eight, or one half the 
number used with the previous winding. The difference 
of potential between adjacent commutator segments is 
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greatly increased and likewise the difference of potem 
tial between adjacent coils. There are also numerous 
crosses between the conductors connecting the various 
coils. This is, of course, objectionable as a better insu- 
lation is required. 


ae 


S 








Figure 44, 


Tt will be noticed that the end of coil 1 is connected te 
coil 6, coil 3 to coil 8, ete., each coil being connected te 
the fifth coil from it. It might at first glance be sup- 
posed that coil 1 should be connected to coil 5, these 
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coils occupying similar positions relative to the pole 
pieces, but a little consideration will show that this con- 
nection would be wrong. If coil 1 and coil 5 were con- 
nected together the path through the armature would 
be as follows: Commutator segment a to coil 1, coil 1 
to coil 5 to segment b, coil 3 coil 7 segment c. To make 
the connections uniform segment c would have to be 
connected to coil 5, but this coil is already connected to 
coil 1. 

Tracing out the armature circuits between the posi- 
tive and negative brushes will show that in each series 
the coils occupy similar positions relative to the pole 
pieces and equal E. M. F.’s are being developed. 

In applying the formula previously stated to the wind. | 
ing scheme now being described we consider only those 
conductors which lie under one pair of poles and then 
give n (the number of poles) a value of 2. In Figure 


14,2—8 and b= 2, therefore y -2(8 +1) =3or5, 


The formula written in simpler form for this case gives 
us y = 2 +1, in which case z is taken as the to- 


tal number of conductors. y= e +1=d3or5. As 


shown in the figure, the end of any coil is connected to 
the beginning of another coil 5 conductors, or 5 wind- 
ing spaces, from it; as, conductor 1 to conductor 6, ete. 

A method of connecting the armature similar to the 
cme just described consists in connecting four coils in 
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series, one coil under each pole piece, it being neces- 
sary, of course, to so connect the coils that the current 
induced in each coil will be added to that of the re- 
maining coils. Connecting the armature in this man- 
ner still further adds to the uniformity of the E. M. F.’s 
induced in each series of coils as any irregularity in the 
strengths of the pole pieces affects all the branches alike. 
This connection is objectionable as the number of com- 
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Figure 45. 


mutator segments would be reduced to one-fourth the 
number of coils and a corresponding increase in the 
difference of potential between the commutator segments 
would result. 

Figure 46 illustrates a conyection which is often used, 
especially where the machine is to deliver a heavy cur- 
rent at a low voltage. As will be seen by an examination 
of the diagram, the winding consists of two sets of wind- 
ings similar to the one shown in Figure 40 placed side 
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by side. The voltage developed by an armature con- 
nected in this manner would be the same as that devel- 
oped by the single winding referred to above, all other 
conditions being the same, but the carrying capacity of 
the armature where the same size wire was used would 
be doubled. The brushes must be of such size as to make 
contact with the two adjacent segments at the same time ; 
as a matter of fact the brushes generally cover from 





Figure 46. 


two and a half to three commutator segments with the 
intervening insulation. An important feature of this 
arrangement lies in the reduction of the sparking at the 
commutator owing to the fact that only half the cur- 
rent of the armature is commutated at one time, and 
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also due to the considerable length of carbon brush be- 
tween the short circuited sections. As the commutator 
segments connected to one set of coils are separated from 
each other by the segments of the other set, the possibil- 
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Figure 47. 


tty of short circuits across the commutator segments is 
greatly reduced. This style of winding is known as the 
‘*duplex,’’ and a winding connected with three sets of 
coils in parallel is known as a ‘‘triplex’’ winding. This 
prip jple of winding can be applied to any of the schemes 
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shown and may be further extended to include any num- 
ber of paths in parallel. 

Figure 47 shows a plan of winding for a four pole 
field where, instead of four brushes, only two are used. 
In Figure 44 four brushes are used and the eurrent 
follows four paths through the armature. In the. pres- 
ent case there are only two paths through the armature 
from the positive to the negative brush, each cireuit con- 
sisting of practically one-half the coils in the armature. 
This is known as a ‘‘wave’’ winding and will be de- 


Figure 48. 


scribed more in detail under the head of ‘‘Drum Wind- 
ings.’’ The connections may be so arranged that the 
coils in adjacent fields are connected together instead 
of coils in opposite fields. This latter connection is 
known as the “long” connection due to the fact that the 
conductors between the coils connected together are long, 
while the connection shown in Figure 44 is ealled the 
*‘short’’ connection. 
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It will be noticed that there are as many commutator 
segments as coils. For a winding of the kind shown 
(long connection) the number of coils must be odd if 
an even number of pairs of poles are employed. For 
instance, if four poles are used, there must be an odd- 
number of coils. See Figure 47. If six poles are used, 
the number of coils can be even or odd. The expression 
for determining the correct spacing is as follows: 
n—4, 2=15, bD=1, o=1. y= 2 (2 pad 1) =7 or 8. 
As for example, in Figure 47 the beginning of coil 1 
is connected to the end of coil 8; coil 2 to coil 9, ete., 
the spacing being 7. 


OPEN CIRCUIT, RING WOUND ARMATURES, 


Open circuit, rimg wound armatures for the genera- 
tion of direct current are used only with series are light 
generators. Figure 49 shows diagrammatically the 
circuits of a Brush armature with 8 coils. The com- 
mutator has, for clearness, been represented as seg- 
ments of concentric circles. As actually constructed 
the commutator surrounds the armature shaft with 
brushes bearing on it in the usual manner. 

The coils are wound on the core in the customary 
manner; i. e., all coils wound spirally in the same direc- 
tion. The diametrically opposite coils are connected 
in series, the remaining ends beine connected to the two 
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commutator segments lying in the same circle, each seg- 
ment extending around 3% of the circle. Each coil is, 
therefore, on open circuit twice during a revolution, 
and the commutator is so arranged that at the time of 
open circuit the coils are in the neutral position. 





Figure 49. 


For every two pairs of coils lying at right angles to 
each other there are four commutator segments and two 
brushes bearing on these commutator segments. The 
armature may, therefore, be wound with any number of 
coils so long as the total number is a multiple of four, 
and for every four coils there must be one set of brushes. 
This may be seen by referring to Figure 49 where there 
are eight coils and two sets of brushes. 
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Following out the circuit through the armature for 
the position shown in the figure it will be found that 
the current takes the following path: Brush A, coil 
3, coil 7, brush A’, brush B, coils 2 and 4 in parallel, 
coils 6 and 8 in parallel, brush B’. It will be noticed 
that coils 1 and 5 are completely cut out of circuit 
when the armature is in the position shown, or when 
these coils are at the neutral point. It will also be 
noted that coils 3-7 which are generating their maxi- 
mum E.M.F.’s are connected in series with coils 2-4 
and coils 6-8, these latter coils being connected in par- 
allel and generating only a portion of their maximum 
voltage. 

As the armature revolves from the position shown 
coils 2-6 will come into the position of maximum volt- 
age and these coils will then be connected in series with 
coils 1-3 «md 5-7 which are in parallel. Coils 8-4 will 
be cut out. This action is continued as the armature 
revolves. 

When the coils approach the position of open circuit 
a small current still flows through them as they are 
then in a live part of the field. As the contact be- 
tween the brush and commutator segment is broken a 
considerable spark results. This is one of the peculiari- 
ties of an open coil machine and is evidenced by the 
severe flashing when the machine is operating. 
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. DRUM WOUND ARMATURES. 


The drum wound armature varies primarily from the 
ring wound armature in the shape of the core. While 
with the latter the core is in the shape of a ring or 
hollow cylinder, the conductors being wound spirally 
around the ring; with a drum wound armature the core 
is in the shape of a solid cylinder, or drum, and the 
conductors are wound around the outside surface in a 
direction parallel to the shaft. It must not be under- 
stood that the shape of the core alone determines the 
class of winding, for in some machines a drum winding 
is placed on a ring core. The distinguishing charac- 
teristic of the ring winding lies in the fact that the 
active conductors, which pass over the face of the arma- 
ture from the front to the back, have their return con- 
ductors pass through the opening in the center of the 
ring from the back to the front, this part of the con- 
ductor being inactive in the production of current. In a 
drum winding the conductors in returning from the 
back to the front of the armature also pass over the 
face of the armature where they can cut lines of force 
and are also active in the production of current. 

It will thus be seen that in the ring armature consid- 
erable of the wire is not only inactive in the production 
of current but at the same time is the cause of a loss of 
energy due to its resistance, with a resulting heating 
of the armature. This objectionable feature is to a 


72 ARMATURE WINDING 


great extent overcome in the drum wound armature. 
Less wire has to be used on.a drum wound armature, 
other conditions being equal, than on a ring wound arm- 
ature of the same capacity and the armature has a 
lower resistance. 





Figure 50. 


At first glance the winding of a drum armature ap- 
pears quite a difficult matter, but with a little study it 
will be found that it is not very much unlike that of 
the ring armature. <A simple case of drum winding is 
shown in Figure 50. There are 12 conductors on the 
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armature face and 6 commutator segments. Suppose 
we take a wire and connect it to segment a of the com- 
mutator. Now start to wind around the armature pass- 
ing along 1 to the rear and returning by way of 6 to the 
front where we loop back to commutator segment b. 
Now make another turn around the armature by way of 
3 and 8 returning to segment c of the commutator. Re- 





Figure 51. 


peat this procedure, gradually turning the armature to 
the left. When the last turn, 11-4, has been made we 
come back to commutator bar a, the one from which we 
started. It will be seen that this operation consists 
simply in winding a wire spirally around the armature, 
bringing down loops to the commutator segments, and 
ending at the point from which we started. 

The first question which presents itself to the student 
is: Why does not the wire which passes over space 1 
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return in the diametrically opposite space or 7? Con- 
sider for a moment the armature shown in Figure 51 
which is identical with the last except for the winding. 
Suppose we start our wire at segment a of the commu- 
tator, pass to the rear of the armature along space 1 
and return to the front of the armature along the dia- 
metrically opposite space, 7. Now loop back to segment 
b of the commutator and from there make another turn 
around the armature by way of 3-9 and back to segment 
ce From segment c make another loop around the 
armature by way of 5-11 and return to segment d. It 
will now be seen that. we have made a complete revolu- 
tion of the armature but have made connection to only 
half the commutator segments. In order to keep up the 
winding in a regular. manner the wire from segment d 
should pass to the rear of the armature along space 7, 
‘but this space we find already occupied by the return 
of 1. If we were to continue with our winding from this 
point we would have to carry the wire from segment 
d to position 6 or 8, but this would result in an unbal- 
anced winding. 

It is plain that in order to keep the winding sym- 
metrical the conductors in passing from the front to 
the rear of the armature must occupy the positions 
1-3-5-7-9-11 and the even numbered positions will then 
serve as returns for these wires. 

It will be noticed that in the example shown there 
are 6-coils, comprising 12 conductors, and 6 commuta- 
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tor segments. If the armature was so designed that we 
had an uneven number of coils, 7 coils with 14 con- 
duetors for instance, and 7 commutator segments, the 
rear connections could be made directly across a diam- 
eter as shown in Figure 52. This gives a perfectly 
symmetrical winding. 
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Figure 52. 


For the sake of clearness the rear connections are not 
shown in the drawing but are made across a diameter; 
as, 1-8, 3-10, ete. The winding table for this armature 


is: 
a- 1- 8-b 
b- 3-10-e 
e- 5-12-d 
d- 7-14-e 
e- 9- 2-f 
f-11- 4-¢ 
g-13- 6-a 
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An examination of the development (Figure 53) will 
show that there are two brush positions, the positive 
brush on segment e and the negative brush lapping 
over segments a and b. This is also shown in Figure 
52. There being an odd number of commutator seg- 
ments and the brushes being set in diametrically op- 
posite positions, it is evident that only one coil can be 
short-circuited at a time and this coil can occupy the 
exact neutral position. See Figure 52, coil 1-8. 





Figure 53. 


The two paths through the armature from brush to 
brush are: 
_ { b-3-10-¢e-5-12-d-7-I4-e a 
a-6-13-g-4-11-f-2-9-e 
Figure 54 shows the connections of a drum-wound 


armature having 8 coils comprising 16 conductors, and 
8 commutator segments. ‘While in the example shown 
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each coil consists of only a single loop with two con- 
ductors, a coil ‘may consist of a number of turns of 
wire, in which case the drawing indicates merely the 
connections for the beginning and end of each coil. 
As has been previously explained the conductor which 
passes from the front to the rear of the armature along 
space 1 cannot be brought back to the front of the arma- 
ture along the diametrically opposite space but must 


\ 






Figure 54. 


return along one of the spaces to the right or left of 
9. The expression for determining the proper spacing 


for the return conductor is: y= 2. (2 +1 ys In 
Figure 54, n=2, z=16, b=2, therefore y = 3 (1°. 1) 


=7 or 9. The spacing 7 has been used, each conductor 
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being connected at the rear of the armature to one 
7 spaces, or conductors, in advance of it; as, 1 to 8, 3 
to 10, ete. 

In winding the armature according to the plan shown, 
where each coil consists of a number of turns of wire, 
we would start with the wire connected to commutator 
segment a and wind along space 1-to the back of the 
armature, thence across the back to space 8, returning 





Figure 55, 


to the front of the armature along space 8 and across 
the front to space 1, continuing in this manner until 
all the wire of this coil is wound on. The end of the 
wire would now be brought to segment } of the commu- 
tator. The second coil is now wound on, starting from 
segment b and winding to the back of the armature 
along space 3, across the back to space 10, to the front 
along space 10 and across the front to space 3, con- 
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tinuing the winding until this coil is also wojnd on. 
The end of this coil is now brought to commutator seg- 
ment c. The remaining coils are now wound on in the 
spaces indicated. 

In the practical operation of winding an armature the 
commutator is generally left off during the process of 
winding, the beginning and end of each coil being 
brought out and connected to the commutator after the 
armature is completely wound. A winding table which 
shows the several steps just described and which is 
very convenient both for winding and connecting is 
given below. 


a-1- 8-b 
b-3-10-¢ 
¢-5-12-d 
d-7-14-e 
e- 9-16-f 
f-11- 2-¢ 
g-13- 4-h 
h-15-6-a 


This table shows both the position of each coil and 
the commutator connections; for instance, segment b 
is connected to the end of coil 1-8 and to the beginning 
of coil 3-10, 

The development of the armature winding, Figure 
55, shows in a plainer manner the various connections 
made, also the direction of flow of the induced current 


80 ARMATURE WINDING 


in the various conductors. Following out the direction 
of flow of current it will be seen that at commutator 
segment f the current in both conductors flows toward 
the segment, while in segment b current flows away 
from the segment. These two positions are the proper 
points for the brush contacts. 

With the armature connected as shown the brushes lie 
in an almost direct Ine with the pole pieces and the 
connections on the front of the armature are symmetri- 
eal. It is quite evident that we could, without chang- 
ing the order of the winding, turn the commutator 
through an angle of 90°, thus bringing the brushes 
in a line with the space between the pole pieces. The 
front connections would not then be symmetrical, one 
connection to each coil being shortened and the other 
being lengthened. The mechanical design of some ma- 
chines is. such that locating the brushes in a line with 
the pole pieces brings them in an inaccessible position 
and the commutator is therefore shifted as described. 

The two circuits through the armature from brush to 
brush for the position shown are: 


b-3-10-¢-5-12-d-7-14-e-9-16-f } 
{ b-8- 1-a-6-15-h-4-13-g-2-11-f 


As the armature revolves in the direction shown by 
the arrows the positive brush will short circuit com- 
mutator segments e and /, and the negative brush seg- 
ments a and b. The two coils e-9-16-f and b-8-1-a will 
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therefore be short circuited and the full difference of 
potential of the machine will exist between them. These 
coils being adjacent, with a smooth face armature where 
the coil consists of a number of turns of wire, wires 
of a very great difference of potential will lie side by 
side and the question of insulation between them be- 
comes of considerable importance. 





Figure 56. 


Following out the paths on the development of the 
winding will also show that there are numerous crosses 
between wires of greatly different potentials. Compare 
with the ring armature winding shown in Figure 40. 

To obviate some of the objectionable features of the 
winding just described the method of winding shown in 
Figure 56 is used. The value of y, or the pitch, is in 
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this case 5, each conductor being connected at the rear 
of the armature to a conductor 5 spaces ahead of it 
The coils short circuited by the brushes are now separ- 
ated and there are fewer crosses between conductors at 
the end of the armature. Tracing out the circuits it 
will be seen that the current induced in some of the 
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Figure 59. 


conductors is in opposition to that induced in the re- 
maining conductors of the group. This has the effect 
of decreasing the demagnetizing effect of the armature 
turns. See Figure 56. 

The armatures which have so far been considered 
have had but one layer of wire. Figure 58 shows an 
armature with 24 conductors and 12 commutator seg- 
ments with the wire placed on in two layers. The de- 
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velopment of this winding is also shown in Figure 59, 
The winding table is given below: 

a-l- 7-b 

b-2- 8-¢ 

¢-3- 9-d 

d-4-10-e 

e-5-11-f 

f-6-12-¢ 

g-19-13-h 

h-20-14-i 

i-21-15-} 

j-22-16-k 

k-23-17-1 

1-24-18-a 

One of the first points that will be noticed is that 

each conductor in returning from the back of the arma- 
ture to the front passes through the diametrically op- 
posite space; coil 1-7, for instance. The rear connec- 
tions are not shown as they would complicate the draw- 
ing. If we start to wind this armature from commutator 
segment a, winding coil 1-7, returning to segment b 
and continuing our winding from segment 8, coil 2-8, 
.segment c, coil 3-9, segment d, coil 4-10, segment e, 
coil 5-11, segment f to coil 6-12 it will be seen that we 
have made a complete revolution of the armature and 
have only made connection to half the commutator seg- 
ments. We can complete the winding by continuing 
in the outer layers. 
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It is evident that the outer layer of coils will have 
a greater resistance than the inside layer, due to their 
increased length, and that they will also travel at a 
greater speed than the inside layer. The two paths 
through the armature from the negative to the positive 
brush vary between the coils in the outer layer and 
those in the inner layer and in one position of the arma- 
ture one of the paths from brush to brush is through 
the coils of the inner layer exclusively, and the other 
path through the coils of the outer layer. This results 
in a constant variation between the E. M. F.’s induced 
in the two halves of the armature. 

The two paths through the armature from brush to 
brush for the position shown are: 


b-2-8-¢-3-9-d-4-10-e-5-11-£-6-12-g-19-13-h } if 
-| b-7-1-a-18-24-]-17-23-k-16-22-j-15-21-1-14-20-h 


As the amature moves forward from the position 
shown coil 1-7 is short circuited by the negative brush 
and coil 13-19 by the positive brush. It will thus be 
seen that a considerable difference of potential exists be- 
tween the inner and outer layers of wire, and they will 
have to be well insulated from each other. It will also 
be seen that no great difference of potential exists be- 
tween adjacent conductors. The two short circuited 
coils lying one above the other are both in the neutral 
part of the field at the time of commutation. This is 
somewhat of an advantage over the previous method 
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shown where the short circuited coils are separated and 
are therefore not commutated at the exact neutral point. 

If the number of conductors on the armature is such 
that one-fourth of the total number is odd, a winding 
will be obtained which will give in each of the paths 
between the brushes an equal number of conductors 
lying in the outer and inner layers, and the inequali- 
ties between the E. M. F.’s generated in the two halves 
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Figure 60. 








of the armature will be avoided. Figure 60 shows 
the connections for an armature with 20 conductors; 
Y of 205, an odd number. Tracing out the paths 
from the positive to the negative brush will show that 
in each of the paths there is an equal number of con- 
duetors in the two layers. 
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Figure 62 shows a method of winding with two layers 
o£ wire where, instead of returning to the front of the 
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armature over the diametrically opposite space, the re 
‘turn is made one space to the right. This has the effect 
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of shortening the cross connections on the front and the 
rear of the armature with a result that less wire is used 
and the end connections are not as bulky as where the 
wire has to be carried around the armature shaft to get 
to the diametrically opposite space. The table fer this 
winding is as follows: 


a -l- 6-b 
b- 2- 7-e 
e- 3- 8-d 
d- 4- 9-e 
e- 5-10-f 
f-18-11-¢ 
g-19-12-h 
h-20-13-i 
i1-21-14-j 
j-22-15-k 
k-23-16-1 
1-24-17-a 


Starting from segment @ coil 1-6 is wound on, the 
end being connected to segment b. Coils 2-7, 3-8, 4-9, 
5-10, are then wound on in the order given. In wind. 
ing the next coil we find that space 6 is already oc- 
cupied so that this coil will have to occupy the outer 
layer or 18, being brought back to the front of the 
armature along space 11. The remaining coils will now 
each occupy one space in the outer layer and one space 
in the inner layer until we arrive at coil 20-13 where 


a 
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the entire coil is now placed in the outer layer. It 
will be seen that the paths through the armature from 
brush to brush are somewhat equalized as compared 
with the first method given. 

It will be observed that in the diagram Figure 62 
the commutator is so placed that each segment, lieg 
between the coils to which it is connected and a sym: 
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Figure 63. 


metrical arrangement of the end connections is ob- 
tained. This is of great importance where heavy con- 
ductors are used. The armature shown in Figure 58 
could be so arranged by shifting the commutator to the 
right. 

The development, Figure 63, shows the brush posi- 
tions and the direction of the current in each conduetor. 
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With the armature im the position shown the two paths 
from the negative to the positive brush are: 


e { b-6-1-a-17-24-]-16-23-k-15-?2-}-14-21-i-13-20-h } 
b-2-7-¢-3-8-d-4-9-e-5-10-f-18-11-g-19-12-h 


The current in conductor 13 (in the upper row of 
figures) and 7 (in the lower row) is in opposition to 
that in the other conductors lying in the same space 
with them. The demagnetizing effect of the armature 
currents is thereby decreased. 

As the armature moves to the right the positive brush 
will short circuit coil 12-19 and the negative brush 
coil 1-6. As will be seen by examining the figure these 
coils are in the active part of the field. 

In the previous examples of drum winding we have 
considered only the methods of winding with bi-polar 
fields. As has been explained elsewhere there are many 
conditions where the use of a bi-polar field is not ad- 
visable and numerous advantages are gained by using 
a multi-polar field, or a field consisting of more than 
one pair of poles. 

The same general principles apply to multi-polar 
windings as apply to bi-polar windings and while there 
are numerous schemes of winding, the application of only 
those methods in common use will be described. 

Figure 64 shows an armature winding with its de. 
velopment, Figure 65, consisting of 18 conductors and 
a four-pole field. Following out the circuit from one 
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commutator segment to the next on the developed wind- 
ing it will be seen that, after making a turn of the 
armature, the winding laps back to the commutator seg- 
ment next to the one from which it started and it is 
therefore called a ‘“‘lap’’ winding. Tracing out the 
winding from commutator segment a we find it follows 
the path a-1-6-b, b-3-8-c, c-5-10-d, etc., until it arrives 
at the coil i-17-4-a where it returns to the starting point. 
A complete revolution of the armature has been made 
and every conductor has been passed through, and each 
one only once, forming what is termed a single re- 
entrant winding. 

Observing the end connections of coil a-1-6-b, for 
instance, it will be seen that the value of y for the rear 
connection is 5; each conductor at the rear of the arma- 
ture being connected to a conductor 5 spaces beyond, 
The value of y for the front connection is —3; each con. 
ductor being connected to a conductor 3 spaces, or 
econduetors, back from it. The average spacing is there- 
fore 4 and the difference between the front and rear 
spacing is 2. 

In connecting up the armature for a bi-polar field, 
in order that the induced currents would flow in the 
same direction in all the conductors connected in series 
we found it necessary to connect together at the rear of 
the armature the conductors lying under a north pole 
with those lying almost directly opposite it under a 
south pole. So, in the case of a four-pole field, each con- 
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ductor at the rear of the armature is connected in series 
with a conductor which lies in a field of opposite sign 
which, in this case, is not across a diameter but one-fourth 
the distance around the armature. The value of y, the 
pitch, should therefore be nearly equal to the total num- 


ber of conductors divided by the number of poles, or a 


where 2=the number of conductors and m= the number 
of poles. As explained under the section on bi-polar 
armatures this spacing may be either greater or less 
than the value just given. If the spacing is greater than 


the cross connections will be longer with a result- 
n 

ing inerease in the armature resistance. With the 
spacing less than eee eross connections will be cor- 


respondingly shortened and the armature resistance les- 
sened but the current will flow in opposite directions in 
the conductors which le between the pole pieces, in the 
same manner as described far the short cord winding 
as used with a bi-polar field (Figure 56), and the de- 
magnetizing effect of the armature will be reduced. 

In Figure 64 it will be noticed that there are an 
even number of conductors, and that the pitch at the 
rear 1s 5 and at the front —3. In all lap windings with 
muiti-polar fields there must he an even number of 
conductors and the pitch at the front and rear must 
be odd and must differ by 2. 
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A simple plan by means of which the student may 
investigate these several conditions consists in drawing 
roughly a circle, subdividing it with as many intersec- 
tions as there are conductors on the armature and then 
drawing a series of connecting lines through the various 
points. These lines will then represent the armature 
conductors and their connections, the lines on the out- 
side of the circle representing the rear connections and 
the tines on the inside of the circle the front connec. 
tions. 





Figure 66. 


Figure 66 shows this scheme drawn out for the arma- 
ture shown in Figure 64. That the armature must 
have an even number of conductors can be seen by 
figures similar to that shown in Figure 67. Here 17 
conductors are shown with a rear spacing of 5 and a 
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front spacing of —3. Tue line from 13 should connect 
to a conductor 5 spaces beyond, or conductor 1, but this 
conductor is already connected to conductor 6. 

With a bi-polar field and a one-layer winding it will 
be remembered that adjacent commutator segments were 
connected to every other*® conductor, the even-numbered 
conductors being taken as returns for the odd-numbered 
conductors. Similarly in a multi-polar armature our 





Figure 67. 


spacing must be such that only every other conductor 
is connected to a commutator segment. The front and 
rear spacings must therefore differ by 2. 

That the front and back spacings must be odd can be 
easily determined with the scheme previously described. 
Figure 68 shows an armature with 18 conductors and a 
spacing at the rear of 6 and at the front 4. We see 
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here that the loops close on themselves and would form 
a short-circuited winding. 

With a lap-wound armature there are as many paths 
through the armature, and as many brushes, as there 
are poles. This can be seen from the development 
(Figure 65), the paths through the armature being as 
follows: 





Figure 68. 


—i- 2-15-h-18-13-g + 
—i-17-4-a- 1- 6-b+ 

—e-12- 7-d-10- 5-c + 
—e- 9-14-f-11-16-¢4 


These paths are unequal in length, as will be noticed 
from the drawing when the brush which bears on the 
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commutator segments 8 and c has moved from this posi- 
tion. In order that all paths be of equal length the 
number of coils must be a multiple of the number of 
pairs of poles. For example, 16 conductors (8 coils) 
with a four-pole field (2 pairs of poles) would give uni- 
form paths, each containing an equal number of coils. 
The objection to this arrangement lies in the fact: that 
four coils would be short-circuited at the same time. An 
examination of Figure 65, where the number of coils is 
not a multiple of the number of pairs of poles, will show 
that four coils are not short-circuited at the same time. 
Where the number of coils is comparatively large the 
objection to the unequal length of coils is not of so great 
importance. 

Where slotted armatures are used the same conditions 
as just stated apply. It is quite evident that instead of 
having the conductors placed around the outside of the 
armature these conductors could be arranged in suitable 
slots. For instance, in Figure 64, each pair of conduc- 
tors, such as 1 and 2, 3 and 4, etc., could be placed in 
separate slots, in which case the same diagram would 
apply. As there must be an even number of conductors 
it is plain that there can be an even or odd number of 
slots, but the number of conductors per slot must be 
such that the total number of slots times the number of 
conductors per slot must be an even number. 

In Figure 69 is shown an armature similar to the 
armature previously shown in Figure 64. There are 
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exactly the same number of conductors and commutator 
segments. The conductors are placed on in the same 
positions and the connections on the back of the arma- 
ture are identical with those of the previous figure. 





Figure 69. 


The distinguishing feature of this armature winding 
lies in the method of connecting the various coils to 
each other and to the commutator segments at the front 
of the armature. Where, in the previously described 
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winding, each coil after making a turn of the armature 
was carried back to a commutator segment adjacent to 
the one from which it started, in the present case the 
end of each armature coil is connected by means of a 
commutator segment to a coil some distance in advance 
of it. 

The developed winding (Figure 70) clearly shows the 
manner in which this connection is made. It will be 
seen that the conductors are so connected that the cur- 





Figure 70. 


rent induced in each is in the same direction as that in 
the remaining conductors of the series. It will also be 
noticed that the developed winding of each element 
forms a sort of wave and this winding is therefore called 
a ‘‘wave’’ winding. 

The scheme previously described may be employed to 
get a better understanding of this winding. This con- 
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sists in drawing a circle and dividing it with as many 
intersections as there are conductors on the armature 
and then drawing a series of connecting lines through 
the various points as shown by the winding table. The 
lines on the outside of the circle are to be considered as 
representing the rear connections of the armature, and 
the lines inside the circle the front connections, or those 
connections running to the commutator segments. 





Figure 71, 


Figure 71 shows the drawings for the ease just de- 
seribed. Tracing out the winding it will be seen that 
starting from any point and following out the wind- 
ing circuit every conductor is passed over once and the 
winding finally returns on itself. 
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The spacing, or pitch, for the rear is 5, being the 
same as that used with the lap winding. The spacing 
at the front of the armature differs from that of the 
lap winding in that it is not carried back but advances 
5 spaces forward. The formula previously used for de- 
termining the number of conductors and the spacing 


may be applied in the present case. y= 2 (Fx 1). In 
‘ 2 (18 

Figure 69, n==4, z=18, b=2; y= 9+ 1)=4o0r5, 

For four-pole machines this formula simplified is, z= 

4y+2. In Figure 69, z—4x5—2—18. 


While the front and rear spacings in the drawing 
shown are alike (5 and 5), it is also possible to have 
these spacings differ. It is evident that the average 
spacing must be approximately equal to the total number 
of conductors divided by the number of poles, as the 
winding in passing around the armature from one com- 
mutator segment to the one next to it comes under each 
pole piece. In the example shown in Figure 69, this is 
equal to 444; the average spacing may therefore be 
taken as 4, in which case the front spacing could be 5 
and the rear spacing 3, or vice versa. 

The pitches at the front and rear of the armature 
must be odd for, as has already been explained, the even-. 
numbered conductors are taken as returns for the odd- 
numbered conductors. 


102 ARMATURE WINDING 


The winding table for this armature is: 
* a-1- 6-f 
b- 3- 8-¢ 
e- 5-10-h 
d- 7-12-i 
e- 9-l4-a 
£-11-16-b | 
g-13-18-e 
h-15- 2-d 
i-17-14-e 


Where, in the lap winding there were as many brushes, 
and as many circuits through the armature, as there 
were pole pieces, in the winding now under eonsidera- 
tion there are only two brushes and therefore only two 
paths through the armature. The two paths from the 
negative to the positive brush are: 


{ i-17-4-e-9-14-a-1-6-f-11-16-b-3-8-g } a 
i1-12-7-d-2-15-h-10-5-¢-18-13-¢ 
It will be seen that one path contains one more coil 


than the other and, with narrow brushes, only one coil 
is short-circuited at a time. 


CHAPTER IV. 
RING ARMATURES. 


The ring armature is the oldest and the first to come 
into practical use. It is especially well suited for higk 
voltage work, where the current used is not of a great 
quantity. For heavy and variable currents, such as are 
used in connection with ordinary incandescent lighting 
it is, however, seldom used. This is principally due to 
the fact that the resistance of a ring wound arma- 
ture is about twice as high as that of a drum armature 
of the same capacity. Full diagrams and views of 
these armatures are given in chapter on Armature 
Windings-Diagrams so that we need not take up this 
branch here but instead can devote ourselves entirely to 
the practical side of the work. 

Let us now consider the application of the wire to 
the armature. First of all it is necessary to insulate the 
inside of the slot, where the wire is to rest, with suit- 
able insulating material. As space is an important item 
it is necessary that the insulation used should be as 
thin as possible without at the same time sacrificing the 
necessary strength. It must also be durable, and abe 
all have sufficient heat-resisting qualities, especially if 
the wire to be used is small in comparison to the cur- 
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rents that are to be carried by it. Suitable insulating 
materials for this purpose are: 


Shellacked paper or cloth. 
Shellacked card board. 
Thin fiber. 

Mica. 


. Having thus earefully insulated the slot and the ends 
of the armature where the wire comes to rest upon it 
we may begin to apply the wire. Figure 72 is drawn 
to illustrate two methods of doing this. In the first 
method, shown at a, the winding is begun in one corner 
of the slot and continued in regular order, progress- 
ing first from left to right until one layer is finished 
and then from right to left until the second layer is 
complete. By this method we ean see, by referring to 
the figure that the last turn of the second layer 
finally comes in very close contact to the first turn of 
the first layer. The same condition will exist with every 
other succession of layers. The result of this is a great 
liability to abrasion in the first place; further a great 
liability of the insulation being pierced, should the coil 
be wound with a great number of turns of wire so that 
a great difference of potential should come to exist 
within it. We must in this connection bear in mind 
that the insulation of armature wires is usually very 
thin, since space is an important item. 

By the above method of winding another great dis- 
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advantage is introduced. The lowest coil of wire being 
so tightly hemmed in, and at the same time there being 
considerable necessity for handling the wire, the end of 
which is projecting, there is much risk of breaking it 
off short. If this actually occurs it becomes neces- 
sary to unwind the whole coil in order to get at this 


wire for repairs. 





Figure 72. 


In order to avoid these elements of trouble the 
method now to be described is extensively employed: 
Take of the wire that is to be wound upon the armature 
sufficient to make one coil; the amount required had 
best be determined by experiment by first winding a coil 
temporarily and then unwinding it and marking the 
middle of it. Take the wire thus marked and place the 
middle of it exactly in the center of the slot as shown 
in Figure 72. Now begin winding from the center to 
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one side until that side is filled, next begin winding 
the other side in the same way and continue winding 
the second layer in the same way, half from each side, 
until the slot is filled. By this method if the number 
of layers is even the two ends of the coil will finish 
in the center side by side. If there is an uneven number 
of layers the two ends of the coil will finish at opposite 
sides. It will make no particular difference which is 
the case. If the wires come side by side at the finish 
the full difference of potential will exist between them; 
if they finish at opposite sides the difference of poten- 
tial between them will be somewhat less. In either case 
it will be advisable to provide some insulation between 
the two halves of the coil. 

As we have already seen that the two halves of the 
armature are in parallel; that is, that the currents from 
the two halves meet at the positive brush, from there 
flow out to the line and separate again at the negative 
brush. If now there are fewer turns of wire on one 
side of the armature than on the other, or if there is 
a weak coil, one side will always be generating a 
greater E. M. F. than the other and consequently cur- 
rent from the high pressure side will always be flowing 
through the other. To understand this more thoroughly 
take a glance at Figure 40. In the armature there shown 
there are 16 coils. If this armature is to generate 40 
volts each coil will be called upon to generate an aver- 
age E. M. F. of 5 volts. Now suppose one of the coils 
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to be cut out of the circuit entirely. It is clear that at 
all times, except when the dead coil is at the neutral 
point there are 8 coils generating against 7, i. e. 40 volts 
against 35. In order to find the current that would 
flow in such an armature while on open circuit, we sub- 
tract the low voltage from the high, which leaves us an 
active voltage of 5. If the resistance of the armature 
were .1 ohm we should have a current of 50 amperes 
circulating in the armature a great part of the time. 
This would not be a constant current because the posi- 
tion of the dead coil would be -constantly changing. 
While it would oceupy a position at or near the neutral 
point there would be no current and each time after the 
coil had passed the neutral point the current would be 
reversed in direction. The current would therefore be 
changing both in strength and direction. If the dyna- 
mo were generating current this condition would not be 
so marked, but it would nevertheless greatly.reduce the 
eapacity of the machine. As the pressure would be 
variable there would also be a variable current. 
Differences in the generation of E. M. F. are some- 
times also caused by the wires of different coils being at 
a greater distance from the center of the armature. 
Other things being equal the E. M. F. of a coil varies 
with its distance from the center around which it re- 
volves. It can readily be seen that the farther a wire 
is removed from the center of the armature, the.greater 
becomes the area which it encloses and the number of 
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lines of force cut by that wire in each revolution. For 
this reason it is well to select only such methods of 
winding in which the coils are so arranged that all of 
them are at the same average distance from the center 
of the armature shaft. Another cause for differences in 
the generation is found in inequalities of resistance in 
different coils. This, however, has no effect upon the 
armature while it is not delivering current. We have 
already seen that the loss in potential in any circuit is 
proportional to the resistance of that circuit and the 
current flowing in it. To find the exact value of this 
loss we multiply the two together. If of several coils 
carrying the same current one has a higher resistance 
the loss in potential in this coil will be correspondingly 
greater than in the others. That side of the armature 
on which such a coil happens to be will therefore have 
a lower pressure than the other and there will be the 
same tendency to a vacillating current as in the case 
of a coil of uneven number of turns. These variations 
will, however, not be near so great, for an excessive cur- 
rent flowing from the high side will reduce the pressure 
on that side and the checking of the current on the low 
side will raise the pressure there so that a balance will 
be obtained without any great current flow. The main 
danger of introducing inequalities of resistance in the 
winding lies in the inner winding with Gramme ring 
armatures. The space for the winding at this place is 


RING ARMATURES 109 


necessarily of a different shape than that on the out- 
side and there are also the spokes to contend with. 

When the last layer is placed on the armature great 
care is advisable to see that it finishes off smooth. This 
adds greatly to the appearance and also avoids churn- 
ing the air which would be the cause of drawing dust, 
ete., into the armature.. 





Figure 73. 


Care should be exercised to avoid the condition of 
wires shown at b Figure 72. The wire at the right 
is very likely to work down in time and thus ieave loose 
wire above it that may work down and cause trouble. 
This would not be near so bad if the space into which 
it could work were not quite so large so that the wire in 
question could rest more on the one below it. 
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If an armature not provided with slots is to be wound 
it is customary to provide a few clamps, such as are 
shown in Figure 73, which will hold the wire in place 
while a coil is being wound. In such a case the space 
for each coil must be carefully laid off and the clamps 
placed so that in the end no coil can have more turns 
than any other. 






— 


Nt 









Tigure 74. 


Before starting the winding, tape should be placed on 
the armature and left long enough so that it can be 
used to tie the coils together when the clamps are re- 
moved. 

In all cases the workman cannot be too careful about 
locating each wire. Each wire should go to its proper 
place and by no means cross any other wire below it 
so as to form a bulge. The strain on the wires of an 
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armature, whether dynamo or motor, is at times very 
severe, and if there is any flaw it will surely manifest 


itself. 





Figure 75. 





Figure 76. 


In the case of a fine winding each layer as it is put 
in place should be thoroughly soaked with shellac. No 
current, except of a very low potential from a small 
battery, should be used either for testing or for any 
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other purpose until this shellac is dry. Shellac until 
dried is a conductor and may be pierced by the current 
and thus leave a gap through which at a later time cur- 
rent may leak. An armature of this kind is usually 
baked at a high temperature for about 24 hours. 





Figure 77. 


As an illustration of the great care that is advisable 
in the insulation of the wires on the armature we may 
state that some manufacturers place the magnet wind- 
ings into tanks from which the air can be exhausted 
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After the air is withdrawn from the coils the insulating 
compound is allowed to flow into the tank until the coil 
is submerged. This allows the insulating compound to 
enter into the most minute openings that may exist be- 
tween the wires. Air pressure is afterward applied to 
make certain that the interior of the coil is reached by 
the fluid. 





Figure 78. 


As each coil is finished it may be tested for correct- 
ness of winding by a battery of three or four cells and 
a small galvanometer. The battery, if always applied 
in the same way, must produce the same deflections on 
the galvanometer. See Figure 101. If it does not do this 
the coil in question has been wound wrong. It is not 
always necessary to unwind the coil to correct this, as 
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frequently all that will be found necessary is to con- 
nect the terminals of the coil in the opposite way from 
the rest. As this, however, often necessitates the cross- 
ing of the wires it is sometimes objectionable. 





Figure 79. 


When all of the coils have been wound upon the arma- 
ture the end of each coil is to be fastened to the begin- 
ning of the next. Both are then fastened to their re- 
spective commutator bars. It is well to tape the two 
wires together; this leaves them stronger to resist 
mechanical interference and they will then oceupy less 
space. This latter is an important consideration where 
there are many coils. 
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The commutator segments are sometimes provided 
with screws to hold the wire, but oftener the wires are 
soldered directly to the segments. This latter is the 
safest method but may cause some trouble should it be 
desired to remove the commutator for repairs. 





Figure 80, 


The next step is the placing of the binding wires. 
These are to hold the wires of the armature in place 
and must always be used unless the slots on the arma- 
ture are of the enclosed, or nearly enclosed, type. The 
binding wires are wound upon the finished armature as 
shown in Figure 74. After placing a band of insulating 
material, such as mica, where the wires are to go, begin 
by taking one or two turns of wire around the armature 
with the spool. Draw these as tight as possible and 
solder as indicated by the arrow in the figure. Now - 
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proceed by putting the balance of the turns in place by 
revolving the armature and holding the wire stationary. 
In this way the windings can be placed very accurately 
and close together. After a sufficient number of turns 
have been put in place they are all soldered together 
over the whole circumference to avoid the possibility of 
any of the wires breaking loose and causing damage. 





Figure 81. 


Where the winding begins and ends a thin piece of 
brass should be laid under the wire before it is wound 
on. After the winding is finished this is bent over and 
soldered. Iron and steel should not be used for binding 
wires for, although the cross section may not be large, 
they would always increase the magnetic leakage and 
that would to some extent lessen the E. M. F. of the 
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machine. The size of the binding wire used ranges from 
number 20 to number 10; the latter being used for fhe 
larger machines and the first for the smaller. Usually 
about one-third of the armature is covered by these 
wires. 

As an illustration from actual practice in the winding 
of an armature we refer to Figures 75 to 81 which show 
the making up of a Wood arc machine armature. Fig- 
ure 76 shows the laminations assembled with clamps 
mounted thereon. In Figure 77 the core is insulated 
and ready for the winding. Figure 78 shows the wind- 
ing partly finished and it may be noted that the wind- 
ing is done after the manner described with Figure 72, 
the wire for each coil being on two separate bobbins one 
of which is used to wind to the right and the other to the 
left from the center. Figures 79, 80 and 81 are views 
of the finished armature. Figure 75 is a view of the 
spider which, in this case, is not placed in the armature 
until the winding is completed. 


CHAPTER V. 
DRUM ARMATURES. 


The student of drum armature winding will avoid 
much worry and mental tribulations if he will at the be- 
ginning of his work construct for himself out of a large 
spool or similar circular object a little imitation arma- 
ture upon which he can wind with strings such coils as 
are herein described as being in use on armatures. These 
little experiments will be even more realistic and in- 
structive if, for this purpose the armature of some real 
motor or generator, such for instance as a fan motor 
ean be procured. Such an armature should preferably 
be of the slotted kind as this will facilitate the winding 
considerably. If a wooden spool sueh as above referred 
to is to be used its periphery must be divided off into 
the proper number of spaces by suitable nails. 

A few windings attempted on such spools or arma- 
tures will make clear many points that can not easily be 
grasped in any other way. 

Onc of the simplest forms of armature winding is 
that shown in Figure 82 and we shall take this for the 
purpose of demonstratiou. It will be noticed by refer- 
ence to the figure that there are twelve slots in the arma- 
ture and six commutator segments. These commutator 
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segments are not actually shown but are sufficiently in- 
dicated by the ends of wires twisted together. Wherever 
two wires come together there will be, when the armature 
is finished, a commutator segment. The proportion of 
two slots to one commutator segment is not always 
necessary nor desirable as we shall see further along 
but it is a very convenient one. 





Figure 82. 


We may now begin our winding by selecting any one 
of the slots and starting the wire into this one, continue 
from it to the one opposite as shown in the figure where 
the same numbers are used to designate the opposite 
parts of the same coils. Thus beginning at 1 we wind 
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into this slot, across the back of the armature into the 
other slot marked 1 and taking as many turns as desired 
in this way finish this coil by leaving the end of the 
wire in position to connect to the beginning of the next 
coil when it is started into slot 2. If we continue to 
wind in this way we obtain a lefthand winding but as 
far as the operation of the armature is concerned it is 
quite immaterial whether we connect to the next coil to 
the right or the left so long as we continue the armature 
in the same manner until it is completed. 

It will be noticed by tracing out the winding in the 
figure that each successive coil is started in the 2d slot 
from the one for which it forms a continuation, that is to 
say, if the first coil is wound into 1-1 the second must 
be wound into 2-2, the third into 3-3 ete. It can be 
readily seen that, as each coil fills out two slots we have 
in this case with the third coil finished half of the arma- 
ture. If we were to wind the slots in consecutive order, 
the connections for our commutator would all come on 
one side and we could do nothing with our armature. 
As we now continue in the order we have started we 
finally complete the entire winding and have the be- 
ginning and end of a coil opposite each commutator 
section. We can now fasten the beginning of the first 
coil to the end of the last one and if all are connected 
in the same way this finishes the winding. As we have 
seen before it will be immaterial whether we progress 
with these connections to the right or the left so long as 
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we continue throughout in whichever way we have 
started. 

In actual practice only the smallest armatures are con- 
structed with such a small number of coils. As each coil 
possesses considerable inductance which increases very 
rapidly with the size of the coil, i.e., number of turns, 
it is desirable to have as few turns per coil as possible. 
For a number of other reasons as well, which have been 
fully set forth under ‘‘Current Generation,’’ it is de- 
sirable to limit the number of turns of wire per coi:, 





Figure 83, 


Now as long as we wind but one coil per slot we shall 
have the coils needlessly large. It is impracticable to 
make slots so small that but one or two turns of wire 
would fill out one of them. The number of coils is lim- 
ited by the number of commutator segments and unless 
we wind two or more coils into one slot we can have but 
half as many commutator sections or coils as there are 
slots. In order to get small coils it is therefore neces- 
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sary to place two coils into each slot. This may be ac- 
complished according to either of the plans shown in 
Figure 83. In this figure the black and white circles 
respectively. represent the wires of two different coils 
wound into the same slot. As we have already seen 
under ring armatures that wires of differ snt coils should 





Figure 84. 


if possible all be of the same length it follows that the 
method to the right showing one eoil wound over the 
other should be avoided. 

In order to see how two coils are wound into one slot 
let us refer to Figure 84. This figure is a duplicate of 
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Figure 82 with the exception that now we have as many 
commutator segments as there are slots in the armature. 
The black circles represent the wire of one set of coils 
and the white those of the other. 

The simplest method of winding two coils into one slot 
consists in first winding one coil complete as before de- 
scribed and then winding the other over it. As this, 
however, gives two coils of different resistances and also 
cutting a different number of line of force such a wind- 
ing is seldom used. A better way is the following: 
Cut two wires of sufficient length so that each will 
make one coil, plaee the armature upon two cross 
bars of convenient height so that it can be easily 
turned over when required. Mark all of the slots 
with appropriate numbers according to the plan of 
wiring selected so there may be no confusion when 
the work is started. A very good plan is shown in 
Figure 85. This plan gives the smallest head of any 
because there are always two coils running parallel to 
each other across the ends of the armature. Thus we 
have three layers of wire crossing over each other where 
with any of the others we should have six. But in order 
to get the advantage of this smaller head, we cannot wind 
the coils in the order given in a previous explanation 
of this winding. It becomes necessary to wind complete- 
ly, at the same time, the two coils that run parallel to 
each other across the ends. To do this requires more 
experience and forethought than the way previously de. 
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scribed. The method is the following: Begin the wind- 
ing with the coil marked 1, Figure 84, and make one 
complete turn and fasten the two ends of the wire to- 
gether, temporarily, if more turns are to follow, or 
fasten each to its proper place on the commutator if 
there is to be but one turn. Now turn the armature 
half way round and wind the other wire in the same 


\ 


Figure $5. 


way. If there are to be more turns continue to wind 
the second turn; after this is finished turn the armature 
back to its original position and wind the first wire again. 
Repeat in this manner until the desired number of turns 
in both coils have been obtained. By reference to Figure 
84, we note that the windings do not skip slots as before 
in Figure 82. This is easily explained when it is noticed 
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that each slot contains two conductors and that at each 
step we skip one conductor or coil as before. 

It is not necessary in actual practice to turn the 
armature around as above suggested. This was sug- 
gested merely as a beginning to make the principle more 
plain. The same result can readily be obtained if the 
armature is left stationary. The only point that it is 
necessary to observe is that the windings must come 
right to connect to the commutator as shown in the 
figure. 





Figure 86, 


It is well enough to observe care and see that all of 
the coils are wound in the same direction but, it will 
make no material difference in the operation if one part 
of the coils are wound left hand and the other right. The 
essential point is to see that they are connected so that 
the magnetism resulting from current flow through the 
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coil will be the same in all. If this is different in one 
coil than it is in the others it can easily be rectified by 
changing the end connections of the coil in question. 

While hand winding is the only method possible with 
ring armatures many of the smaller drum armatures 
may be wound with the aid of machinery. As this ma- 
chinery is very simple and can be rigged up almost any- 
where we give in Figure 86 an illustration of one of the 
methods used. In this figure the armature is shown 
from one end, It is fastened between two metal clamps 
which hold it rigidly and which are mounted in bearings 
so that they can be revolved when desired. This ar- 
rangement admits of winding such an armature much 
in the same way as a spool of wire would be wound. - 
There are extending flanges on the two clamps for the 
purpose of protecting the wire from being entangled in 
the shaft which projects from both ends of the armature. 
When one coil is wound the armature must be turned a 
little to admit of winding the next coil. 

The majority of the larger dynamos and motors are 
now made multipolar and in connection with these a 
method of winding entirely different from that hereto- 
fore treated is generally used. While it is perfectly pos- 
sible to use an armature wound for a bi-polar machine 
in connection with a multi-polar one it is not customary. 
nor advisable to do so.’ The coil of a multi-polar dynamo, 
as a rule, does not encircle the whole armature but in- 
stead covers only a part of the periphery. In general 
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such coils have their return wire spaced about as far 
ahead or behind the first turn as it is from the center 
of one pole piece to the center of the next one. This 
it can readily be seen gives us a winding of much lower 
resistance since we have not the amount of dead wire at 
the ends. Furthermore it makes the magnetic circuit 
much better and lessens the reaction. And lastly it 
makes possible the use of much larger diameters of 
armature than would be practicable with the old style 
of winding. 





Figure 87. 


Another great advantage of this style of armature is, 
that it becomes possible to use the so-called ‘‘former 
eoils’’ in connection with them. 

A former coil, as the name implies, is one that is 
wound complete upon a former, independent of the 
armature, and placed upon it afterward. Figures 87, 88 
and 89 show a general view of a former coil and the 
method of placing it on the armature, Figure 87 show- 
ing the armature core without winding, Figure 88 the 
formed coil and Figure 89 the completed armature. Fig- 
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ures 90, 91 and 92 illustrate the manner in which formed 
coils are made up. 

In Figure 90 the black circles represent strong pins 
fastened into a piece of plank or other suitable material. 
The wire is wound around these pins as indicated in 
the figure; as many turns being taken as we have de- 


Figure 88. 





Figure 89, 


cided to allow for each coil. When the coil is thus com- 
pletely wound, it is taken from the pins, and the lower 
ends placed in a suitable clamp as indicated by the 
broken line and in the center of the figure. After this 
clamp is fastened onto the coil, the two halves of the 
coil are spread apart, one being pulled toward the oper- 
ator and the other being pushed away from him at 
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right angles to the clamp. In this way the coil is made 
to assume the shape illustrated in Figure 94. Before 
winding a coil in this manner it is of course necessary 
to know just what length and breadth it must be and a 








Figure 91. 


pattern coil must therefore first of all be prepared from 
which the spacing of the pins can be taken so that the 
completed coil will fit into the slots for which it is in- 
tended. . 
The arrangement shown in Figure 91 is made up of 
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two boards loosely laid together and the coil is formed 
upon it by revolving the frame and letting the wire 
wind upon it. When a coil is finished the front half 
of the frame is removed and the coil taken off. At A, a 
front view of the frame is given and at B an end view. 
It is necessary to make up a frame of this kind for every 
style of coil but when this is once made coils can be 
very quickly wound upon it. 








Figure 92. 


Another method of forming coils is illustrated in 
Figure 92. In this case the coil is first wound around 
two pins as shown in the upper part of the figure. The 
ends are then placed in two clamps as indicated by the 
dotted lines at the top and shaded lines in the center of 
the figure. After these clamps are fastened, the coil is 
turned one-fourth around, and the wires spread out over 
the four pins as indicated in the figure. 


DRUM ARMATURES 131 


It will be noticed that the manner of forming results 
in coils of two different shapes. One of these, Figure 92, 
is known as a ‘‘barrel’’ winding and an armature wound 
with such coils has the general appearance depicted in 
Figure 93. The other is known as the ‘‘evolute’’ wind- 
ing and when placed upon an armature shows as in 
Figure 94. 





Figure 94. 


When all of the coils are once wound the placing 
of them upon the armature is a very simple matter. 
After the slot has been insulated in the usual 
manner we begin at any slot that is convenient and 
lay in the coils as shown in Figures 93 and 94, 
continuing until all of the slots are filled. Before 
we can fill all of the slots it will be seen that it be- 
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comes necessary to raise up some of the first ones and 
insert the last ones below them. In this way the whole 
armature is completely and regularly filled out. 

There is no difference of importance between the 
evolute and the barrel winding and there is no reason 
whatever why one style cannot be used on one side of the 
wmature and the other on the opposite side. 


| 
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Figure 95. Figure 96. 


For very large machines the coils often consist of single 
bars of copper made of special dimensions to suit the 
requirements. These are often arranged as shown in 
Figures 95 and 96. Such bars are sometimes uninsulated 
and laid into the slots with insulation loose on the sides 
and bottom and between the different bars of a slot. 
Such bars are often held in place by pieces of wood 
slipped into the slots as indicated at Figure 93. Where 
no provision for the insertion of such strips of wood 
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has been made the bars are held in place by the regular 
binding wires. 

Where the formed coil consists of several turns of 
wire it is usual after removing from the form to cover 
the coil over its entire length with cotton tape. As the 
placing on of the tape by hand would be a slow pro- 
cedure machines are generally used for this purpose. 
These machines are so constructed that a roll of tape 
placed on a split metal ring is revolved around that 
wire to be taped, the wire being gradually moved until 
it is entirely covered. 

DIPPING AND BAKING OF ARMATURES 


The dipping of armatures fills all pores, makes wires 
rest more solidly against one another, excludes moisture 
and increases insulating strength. To prepare for dip- 
ping clean away all dirt, protect polished parts. Dip 
in vertical position for at least thirty minutes and 
watch for air bubbles. As long as these rise the work 
is not complete. If no tank for vertical dipping is 
available, dip in tank and turn armature from time to 
time; keep each part under varnish at least thirty min- 
utes. Always drain in vertical position. To drain and 
bake in horizontal position may cause some unbalancing 
which may be serious if machine is to be run at a high 
rate of speed. 

If varnish is at a greater specific gravity than 0.85 
at about 60 F. or 0.84 at 85 F. it should be thinned to 
this with benzine. The baking should take from 24 to 
48 hours according to size of armature and the temper- 
ature should not exceed 275 F. 


CHAPTER VI. 
COMMUTATOR CONSTRUCTION. 


The general principle of commutator construction is 
illustrated in Figure 97. The commutator consists partly 
of an iron core mounted upon a shaft and fastened 
thereto by keys, set screws, or by shrinking on, or fastened 
directly to the armature core. Jt is preferable to have 
it so arranged that it can be readily removed for re- 
pairs or turning down. The latter operation, if the ma- 





Figure 97, 


chine operates at a high rate of speed becomes neces- 

sary quite frequently, especially if the brushes are not 

wel! kept in order. Very often, however, the turning 
134 
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down is done without removing the commutator or the 
armature by making arrangements so that the turning 
tool can be adjusted to the machine. 

The manner of fastening the copper bars to the iron 
core can be seen in Figure 97, the heavy black lines 
representing the insulation and the wedge shape of the 
copper and corresponding form of the iron being espe- 
cially suitable to hold both together when the screws are 





Figure 98. 


drawn up. .A portion of the front view of the same 
commutator is given in Figure 98. It is of the utmost 
importance especially with high speed machines that the 
commutator be perfectly true and smooth. If this is 
not the case the brushes are apt to leave the surface 
for an instant after passing over the high places. This 
will result in some sparking which will soon eat away 
parts of the copper. 
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As the insulation must be provided between each of 
the bars and as these are usually of a great number it 
is very important that the insulating medium should be 
hard enough so as not to be very much compressed by 





Figure 99. 


the pressure applied to bring the bars into place. It 
should also be fire proof and not subject to much ex- 
pansion or contraction as otherwise the parts are likely 
to become loose. These requirements are best answered 
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by mica and this is used almost entirely. Various spe- 
cial kinds of copper are generally used for the bars. 

In assembling the commutator bars a cylindrical piece 
of wood of the diameter of the inside of the commutator 
is mounted in an upright position on a wooden plat- 
form or table. The commutator segments and the in- 
sulating material between the segments are then placed 
around this wood pattern and held in place by an ad- 
justable band or rope. When all the segments are in 
position a metal ring such as is shown in Figure 99 is 
placed over them. The screws are set up so as to make 
the whole as near circular as possible. The whole device 
is now placed in an oven and baked for some time after 
which it is removed and the screws again set up as 
tight as is practicable. It is now placed in a lathe and 
the inside and ends of the commutator turned down to 
the desired shape. The core is now inserted and fastened 
in place and the ring removed and the outside face 
finished off smooth and round. Various other devices 
similar to the one described are also used for this pur- 
pose. 

The size of the commutator varies with the voltage 
and the ampere capacity of the machine. If there is 
not sufficient copper in the bars they will be overheated 
by the current; if there is not sufficient insulation be- 
tween them the current is likely to jump across. Of 
course the higher the voltage per bar of the machine 
the greater the danger from this. 
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The brushes may be of copper or carbon. Carbon 
brushes are generally set as shown at the top of Figure 
98. If arranged in this manner they need not be changed 
for a change in the direction. of rotation of the arma- 
ture. Copper brushes are set on as shown at the left 
of the figure. In case the machine is to be reversed the 
brushes must also be reversed. Either copper or carbon 
brushes may be arranged to cover several commutator 
bars. It is, however, not safe to cover several bars with 
a brush in all machines. Many machines would be 
ruined thereby. 

The size, or contact surface of the brushes must be 
proportional to the current. As a general rule from 
30 to 40 amperes per square inch are allowed with 
carbon brushes and about 150 with copper. As the re- 
sistance of carbon is so much higher it is often arranged 
to have a brush consist of part carbon and part copper, 
the combination being effected in various ways either 
by forming copper wires directly in with the carbon 
or attaching them to the surface of the carbon. It is 
customary to divide brushes into several sections all 
electrically connected to each other but mechanically 
independent. This brings about much smoother and bet- 
ter operation, since a rough spot on the commutator will 
now affect only one of the sections where otherwise it 
would throw the whole brush out of contact. 

It is also advisable to stagger the brushes as shown 
in Figure 100 and to provide considerable lateral play 
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for the shaft. This will secure an even wear of the 
greater part of the commutator surface. If the com- 
mutator is rough it can be smoothed with sandpaper; 
emery paper must not be used for this purpose as the 
fine particles are apt to lodge in the insulation and 
cause short circuits. 









| 
| 


ll 


| 





MT 


Figure 100. 


If the carbon brushes do not fit well they are often 
trued by placing a piece of sandpaper rough side up 
on the commutator so that it can be- drawn back and 
forth. This will cut the brush to the exact shape of 
the surface of the commutator under it. 


CHAPTER VII. 


\ 
ARMATURE TROUBLES. . 


Armature troubles may result from any one of the 
following causes: 

There may be a wrong connection of one or more of 
the coils. 

Some of the coils may be grounded. 

There may be an open circuit. 

There may be a short circuit. 

The brushes may be improperly set. 

There may not be sufficient area of contact between 
the brushes and the commutator. 

The commutator may be rough and uneven. 

The fields may be of uneven strength. 

The test for a wrong connection of coils may be best 
explained by reference to Figures 101 and 102. These 
figures show part of the coils of a ring armature. If a 
battery or other source of E. M. F. be applied in Figure 
101, as indicated by the signs, considerable current will 
flow through the coil which is directly connected to the 
two commutator segments to which the battery is con- 
nected. There will also be a current flow through the 
other coils of the armature, but this current, as it must 
pass through so many more coils, is of course much 
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weaker. An inspection of the two figures will show 
clearly that if a coil is connected right as shown in 
Figure 101 there will be conflicting fields set up, as 





Figure 101. 





Figure 102. 


indicated by the arrows and these will deflect a compass 
needle brought near them in a certain definite way. If 
now the compass needle be mounted at the proper dis- 
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tance from the armature and connections are made to all 
of the coils in rotation, these deflections must, if all of 
the coils are wound in the same way, be the same for each 
eoil as it is brought in position before the needle. If 





Figure 103. 


one of the coils is connected wrong, as indicated in Fig- 
ure 102, there will be no conflicting fields and the de- 
flection of the compass needle will be of an entirely dif. 
ferent nature. 
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The same principle can be applied to the testing of 
drum armatures for wrong connection of a coil. In 
Figure 103 the heavy black lines indicate the coil that 
is getting the greater part of the current, and the arrows 





Figure 104. 


drawn in connection with all of the wires indicate the 
direction of the lines of force produced, and consequently 
the conflicting fields set up by the current flowing in the 
coil. 

Figure 104 will aid in making plain the wiring of an 
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armature. This figure shows the wiring of either a 
ring or drum armature just as it would be if the wire 
were all taken off the core without detaching it from 
the commutator and spread out so as to admit of inspec- 
tion of the wire used. It will be seen that the greater 





Figure 105, 


the number of commutator sections there are upon any 
armature the nearer must the total current used flow 
through the one coil that is directly in connection with 
the souree of supply. If, for instance, there are 100 coils 
99 per cent of the current will flow through the one coil. 

The test for grounded coils is made by simply connect- 
ing one pole of a battery or electric light circuit to the 
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iron of the armature and the other to any one of the 
commutator segments. If the connection is made as in 
Figure 105 the lamp will light if the insulation between 
the coils and the iron is broken down. The exact spot 
where the defect exists can be located only by asearch, 
and it may be necessary to disconnect all of the coils 
from the commutator and test them one by one. 
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Figure 106. 


An open cireuit can be located by the method shown 
in Figure 106. A voltmeter is applied to adjacent sec- 
tions of the commutator as indicated at the right of the 
figure. Current is next applied to the armature as 
shown by the two brushes at top and bottom. By means 
of the rheostat this current is regulated until a noticeable 
deflection upon the voltmeter is obtained. If the volt- 
meter connections are now made in rotation to all of the 
segment, about the same deflection will be obtained from 
all of them on that side of the armature which is sound. 
Upon the other side, however, no deflection will be ob- 
tained until the segments between which the broken coil 
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is located is reached; at this point the voltmeter reading 
will be much higher. This can be made a little more 
clear by reference to Figure 104. Suppose the wire to be 
broken at A, and the battery connected as shown by the 
dotted lines: It is clear the current will flow in the coils 
at the left and this current will give only a small read- 
ing on the voltmeter because a coil of the armature which 
has a very low resistance is in shunt with it. When we 
come to the other side and find the broken coil however 
the only current that passes is that through the volt- 
meter, and therefore the reading on it will be about as 
high as that which is obtained by connecting at B and C. 

If instead of an open circuit we have a short circuit 
we can proceed in the same way, but instead of an in- 
creased reading when we come to the defective coil we 
shall obtain no reading at all. A short circuit is very 
often due to two grounds, and it is advisable in all cases 
of trouble of this kind to first see that the armature is 
clear of grounds before testing for other faults. 

Figure 107 shows a very handy device for the rapid 
testing of armatures. A single field magnet with its 
winding is mounted in an upright position. Two stand- 
ards are arranged so that the armature, which is mounted 
on its shaft, can be easily revolved in a position close to 
the field magnet. An alternating current is passed 
through the magnet winding. In testing for short cir- 
cuits the magnet is slowly revolved and a piece of iron 
or steel held close to the armature on the side away from 
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the field magnet. If there is a short circuit in the arma- 
ture winding, this winding will act as the secondary of 
a transformer and current will be induced in it which 
will magnetize the armature and cause the piece of metal 
to be drawn to it. If the armature is free from short 
circuits the piece of metal will not be vibrated. 





Vigure 107. 


To test for open circuits the armature is again revolved 
and each commutator segment is short cireuited by a 
short piece of wire with the adjacent segment. Each 
time this short circuit is put on the small piece of iron 
held in the hand will vibrate. If the armature winding 
is open between any two segments this will be indicated 
by the failure of the iron to vibrate. 

The E. M. F.’s induced in the two sides of an arma- 
ture are not always exactly alike and this results in 
useless currents circulating in the coils. Such unbal- 
ancing may be due to differences in the strength of pole 
pieces ; to differences in the air gap or to unsymmetrical 
winding which results when the number of coils is not a 
multiple of the number of paths. To reduce the heating 
from such current equalizing bars are run from the- 
oretically equal potential points. Such connections are 
usually made at the back of the armature. 


CHAPTER VIII. 
ARMATURE CALCULATIONS, 


The accurate design of a new type of dynamo is as 
much a matter of experiment as it is of calculation. 
There are so many factors involved that cannot be ac- 
curately determined until the machine of the exact pro- 
portions contemplated has been tried. These factors 
are, the permeability of the iron; the reluctance of the 
magnetic circuit; the tendency to leakage of the lines of 
force; the reaction of the armature; the proportion of 
the ‘‘dead wire’’; losses due to foucault currents and to 
hysterisis. 

It is not that the manner in which these losses may be 

increased or decreased is not well enough known, but sim- 
ply that their exact values cannot be predetermined with 
any great degree of accuracy. 
_ For this reason it is always necessary to allow for a 
considerable range of variation so that if we fall short 
or run over in any of the factors we can compensate by 
some other of these factors and finally obtain exactly 
what we seek. 

In general practice all of this compensating is done 
through the agency of the field current strength, and for 
this purpose some means of regulating the current 
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strength used in the fields is resorted to. Ini all self-ex- 
citing machines this is done by means of a resistance, 
variable at the will of the operator, which is placed in 
series with the field magnet winding. An increase in this 
resistance brings about a reduction in the current flow 
through the fields and a consequent lessening of the lines 
of foree of which the field is made up which in turn 
causes a decrease in the voltage of the dynamo. 

A variation in speed of course also brings with it a 
corresponding variation in the voltage generated and in 
many eases this is resorted to. This is a very convenient 
method when one has free hand in this respect, but very 
often no choice in this regard can be allowed. In any 
case this method can be used only in a general way and 
the current regulation mentioned above must be provided 
(o make up for the continual variations due to change of 
load, ete., that occur daily. When a new machine is built 
it is, however, perfectly proper to arrange that it shall 
run at the speed at which it produces the required voltage 
unless of course it is to be attached to some shaft or en- 
zine which determines the speed at which it shall run. 

The main precaution that is necessary to observe in 
urranging a dynamo so that the regulation of the voltage 
shall be accomplished by means of variation in the field 
current strength is to see that the field magnets are not 
worked at too high a degree of saturation. We have seen 
in previous chapter that the effect of the current in pro- 
ducing magnetism differs very much with different de- 
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grees of saturation and that with a high degree of satur- 
ation a great variation of current strength is necessary to 
increase the magnetism to an appreciable degree. It fol- 
lows therefore, that in order to make the magnetism as 
sensitive as possible to current changes, we must use our 
iron at a low degree of saturation. By doing this we 
shall need to make but slight changes in the strength of 
the current to affect our machine in the way we desire. 

If, however, we provide too much iron, we shall be add- 
ing considerable unnecessary expense so that in the last 
resort, unless we have already constructed very similar 
machines out of the same material and along the same 
lines we are driven to experiment. 

In view of the above the following formulas are given 
merely as an aid in experimentation. They will ‘serve 
very well to impress the student in the manner in which 
a variation of the different factors can be made to effect 
the final result. They will also come very useful when 
it is desired to learn how best a given machine may be 
changed in order to give certain results. 

In connection with the following formule we shall 
adopt the attached set of symbols: 

Let 

F=the total number of lines of force or flux. 

V=the number of volts to be generated. 

S=the number of slots in the armature. 

R. P. S.—the number of revolutions per second. 

W=the number of wires per slot. 
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Then to find the number of wires necessary per slot 
where the speed and the flux are fixed we have: 


10° V 


Wes XSXRPS. 


To find the speed where the flux and the number of 
wires are fixed: 
= 10° V 
S= FXWXEDPS. 

To find the necessary strength of field where the wires 
and speed are fixed: 


-—108xV 
ry XSXRP.S. 


To find the volts generated: 


y.FXWxSXRPS, | 
= 


In actual practice whenever a new dynamo or motor is 
{o be constructed it is, so to speak, built up around the 
armature. That is to say, it is usual to first design the 
urmature and then the other parts can be made to fit 
around it. The principal factor to be taken into account 
is the size of the wire to be used. In order to deliver a 
certain current, the number of poles, etc., being fixed, we 
must use a certain size of wire. While we are not pre- ' 
cisely bound to a certain size of wire, still economy de- 
mands that we keep very close to it. In most eases the 
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heating of the wire is the governing consideration 
although in many cases it is the drop of potential at the 
terminals that governs. With reference to either of these 
considerations the smaller the wire the greater is the heat- 
ing and the loss in potential. If we, therefore, wish to be 
economical in the construction of an armature we must 
know very nearly what to expect from a given current 
and a given wire. We can always keep on the safe side 
in cither case by using larger wire than is absolutely 
necessary but as this not only adds to the cost for wire 
but necessarily increases the dimensions of the whole 
machine, or at the least the speed, it is essential that this 
point be carefully worked out. 

Since, as we have already seen, there are quite a num- 
ber of factors in armature construction that can be va- 
ried, to find the proportions best suited for any given 
case will very likely require a number of trial caleula- 
tions. 

As an example, let us now take an armature 8 inches in 
diameter and 8 inches in length and see what it will do 
for us. Such an armature has a cross section of 64 square 
inches and assuming a flux of 30,000 lines per inch we 
have a total flux of 1,920,000 lines through the armature. 
Our next step is to find how many times one wire must 
cut this number of lines of force to generate the required 
voltage, which we will say is 110. For this purpose we 
first divide 110 times 100,000,000 (which is the total 
number of lines to be cut per second) by the total flux 
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1,920,000 and obtain as the result 5,728. After this, in 
order to find the necessary number of wires to be placed 
upon the armature, we divide this (5,728) by the number 
of revolutions the armature makes per second. If our 
armature revolves at the rate of 20 turns per second 
(1,200 per minute) we shall need one-twentieth of 5,728 
wires placed upon it. This is equal to 286. As the arma- 
ture, 8 inches in diameter, has a circumference of 25.12 
inches this gives us a wire running about 11 to the inch. 
If there is to be but one layer we shall need a number 
12 wire. As the two sides of the armature are in parallel 
we have according to Table I a capacity of 2 times 14.31. 
If instead of one layer we decide to use two we can use 
number 6 wire with 5.5 turns per inch, which will give 
us a capacity of 56.56 amperes. 

It may be stated in explanation of the calculations here 
made that each wire in the course of one revolution cuts 
the total flux two times; but as the two halves of the 
armature are in parallel each side must produce the full 
voltage of the machine. ; 

The question of how much current can be allowed in a 
given wire requires some study. It depends to a great 
extent upon the manner in which the armature is to be 
used. The heating in any wire is proportional to the 
square of the current used. During the time that no cur- 
rent is passing the heat is of course rapidly dissipated 
so that if an armature is used intermittently we can 
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subject it to a much greater current than would be possi: 
ble if it were in use continually. 

All caleulations of current carrying capacity must be 
based upon a certain radiating surface per unit of energy 
consumed. The greater this radiating surface the less 
will be the heating. The amount of radiating surface 
allowed in armatures varies from one square inch pex 
watt to three square inches. About 1.75 will insure 4 
cool operating armature. 

In the attached tables I and II the carrying capacity ot: 
the different wires is given. These tables are figured fron: 


the formula I= =a r. 8. being the radiating surface 


and R the resistance of a unit of wire under consider- 
ation. In the formula a stands for the amount of radi- 
ating surface in square inches per watt we desire to have. 
In table I it stands for 3 and in table II for 1. This 
formula gives the current allowed where the wire is 
wound in one layer. As we add more layers we must 
with each successive layer reduce the current so that 
the watts consumed shall be always the same. No mat- 
ter how many-layers deep we may wind an armature 
we do not appreciably increase the radiating surface, 
therefore in order to keep the proportions of energy and 
emissivity the same the watts must remain the same. 
Since I? X R equals the watts permissibl2 in one \ayer, 
and since two layers have double the value of R, for a. 
depth of two layers I? must be only half of what it 
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would be for one layer, and for any depth of winding 
we can find the permissible current by dividing I? for 
one layer by the number of layers and extracting the 
square root. These values have been calculated for all 
of the sizes of wire given in the tables and the carrying 
capacities may be read off for any depth of winding up 
to six layers. 

As a general guide we may bear in mind that, as we 
multiply the number of layers by 4, 16, 64, 256, we each 
time halve the carrying capacity of the wire. From this 
we can see that the carrying capacity of the wires after 
a certain depth of winding has been considered de- 
creases very slowly, though very fast with the first few 
layers. As we have already seen that we can vary dif- 
ferent factors and that several of them are not ac- 
curately determinable, great accuracy in these calcula- 
tions is not absolutely necessary. 

If the wire we have found by the previous caleula- 
tion does not give us sufficient carrying capacity we take 
the next larger wire or such a wire as will give us the 
desired current capacity and from this wire figure out 
the dimensions of a new armature. If we use the same 
number of wires of a larger diameter we shall, of course, 
obtain a greater cross section of armature. Thus it 
ean readily be seen that in many cases unless we are 
very lucky, a number of calculations will be necessary 
before we obtain the proportions that suit us_ best. 

In the foregoing calculation we have considered a 


158 ARMATURE WINDING 


smooth armature in which the whole circumference is 
available for winding. In connection with slotted arma- 
tures we have a large space occupied by the teeth that 
cannot be used for winding and therefore we must, in- 
stead of figuring on the whole circumference figure on 
that portion of it which forms the slots only. As a 
general rule, however, the attainable flux in a slotted 
armature is greater as the magnetic circuit is much 
better. 





Figure 108. 


In order to calculate the wire for a slotted armature 
we must figure on one slot by itself and the wire should 
be chosen if possible with reference as to how it .will 
fill out the slot. Waste spaces, if any, ean, of course, be 
filled out with insulation. 

If the wires to be used are small they will very likely 
come to lie in the slots as shown in Figure 108 and if 
large as in Figure 109. For Figure 108 the approximate 
depth necessary for the slot can be found by multiplying 
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the number of layers by .86 and this by the diameter of 
the wire. The width of the slot can be found by multi- 
plying the diameter of the wire by the number of turns 
per layer. 

After we have finally settled upon some size of wire 
we had best check up and see what the loss in pressure 
with this wire will be. To do this we first find from 


CX 
cs 


ad 


table I the resistance per foot of the wire in question 
and then measure the length in feet of the wire in one 
coil and multiply the resistance by the number of feet. 
If we have a bi-polar armature we again multiply this 
by half the number of coils (the two sides being in 
parallel). Since the loss in voltage is equal to the 
amperes multiplied by the resistance, we need but multi- 
ply the resistance so found by half the current to find 
the loss in voltage that will oecur. This loss is of course 





Figure 109. 
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in direct proportion to the current. It is not of much 
importance in armatures used for small currents or on 
constant current systems, but with heavy and variable 
current it is very important that it be kept as low as 
possible. : 


CHAPTER IX. 
ALTERNATING CURRENTS. 


An alternating current differs from a continaows cur- 
rent in that it is constantly changing, both in quantity 
and direction. It is customary to represent such cur- 
rents graphically by means of curves such as are given 
in Figure 109a. That portion of the curve which rises 





Figure 109a. 


ibove the base line is usually assumed to be positive and 
that below as negative. The current strength or the 
E. M. F. represented at any instant are equal to the 
height of a vertical line drawn from the base line to 
where it intersects the curve. 

161 
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This continual change in strength and direction of the 
current gives rise to a very important phenomenon 
which is not very noticeable in connection with direst 
currents. This is the phenomenon of self inductivun. 
The term expresses the fact that an alternating current 
induces a counter E. M. F. in the very wires in which 
it circulates. This counter E. M. F, as the name im- 
plies, always opposes the impressed E. M. F. and is al- 
ways in proportion to the rate of change of the eurrent 
which causes it, that is, the more rapid these changes 
occur the greater is the self induction. This self induc- 


8 6S 


Figure 109b, 


tion is caused by the lines of force which spring up 
around a conductor in which a current of electricity 
flows, as illustrated in Figure 109b. These lines, in 
springing into existence, cut the wire from which they 
start in one direction and when they cease, as the cur- 
rent ceases, they cut the wire in the opposite direction. 
It.is this cutting of the wire by the lines of force which 
produces the counter E. M. F. of self induction. 

It is obvious that in the case of a single wire if this 
have a certain effect that, if we place a number of wires 
close together (as in winding an armature or magnet 
coil) the lines of force springing out from one wire will 
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cut ali of the wires of that coil and thus increase the 
effect. Thus, if we take as an example a coil of four 
turns, the current in one wire would have 4 times the 
effect as before, and if the same current flow around all 
of the wires this fourfold effect will again be multiplied 





Figure 109¢. 
by 4, which will give us a self induction 16 times as great 
as that of a single turn. From this example we can see 
that the self induction is proportional to the square of 
the number of turns in a coil and that a coil to be tused 
for alternating currents must not be made up of a great 
number of turns. 
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ALTERNATING CURRENT GENERATORS, 


A typical alternating current generator as manufac- 
tured by the Westinghouse Co. is shown in Figure 109e. 

Alternators are built with either the field or armature 
stationary or revolving. The Figure shows a machine 
in which the armature is stationary and the fields re- 
volve. The fields in this case consist of 13 pairs of elec- 
tro-magnets, the magnetic circuit of each pair being as 
illustrated in Figure 109d. These magnetic fields in 
sweeping along the inner surface of the wires cut them 
in a manner which has precisely the same effect as though 





Figure 109d. 


the wires were being moved and the magnets held sta- 
tionary, as is the case in direct current machines. 

The fields, whether mounted upon the moving part or 
upon the stationary frame must be supplied by direct 
current and for this purpose a small direct current 
dynamo is usually supplied with alternators. 

In the case of a revolving armature and stationary 
fields machine the windings shown in Figure 109¢ on 
the stationary element are placed upon the moving ele- 
ment and the electro magnets which make up the fields 
are placed upon the stationary element. 
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ALTERNATING CURRENT ARMATURES, 


The simplest form of armature winding from which 
an alternating current can be obtained is shown in Fig- 
ure 109e, where a single loop of wire revolves in a mag- 
netic field produced by two pole pieces. During one 
complete revolution of the loop of wire a current is pro- 
duced which flows in one direction during one half a 
revolution and in the opposite direction during the re- 
mainder of the revolution, or as indicated by the curve 
Figure 109a. 


Figure 109e. 


During one complete revolution or ‘‘cycle’’ the cur- 
rent alternates or reverses in direction twice. There’ are 
therefore in a given time twice as many alternations 
as cycles. If the loop of wire revolves at the rate of 60 
revolutions per second a current would be produced 
which would pass through 60 cycles per second. This 
is equivalent to 120 alternations per second or 7,200 al- 
ternations per minute. Machines are generally rated at 
a certain number of cycles per second or alternations 
per minute, the former rating being more generally used. 
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It is evident that in order to generate a 60 cycle cur- 
rent the armature described above would have to revolve 
at the rate of 3,600 revolutions per minute. Such a speed 
would, obviously, be impractical. If the number of poles 
was increased to eight, or four pairs, one revolution of 
the loop of wire would produce a current which would 
pass through four cycles per revolution. A 60 cycle 
current could then be produced with a speed of 900 revo- 
lutions per minute. 

While the simple loop of wire affords an easy method 
of explaining the action of the armature it is evident 
that an armature with a winding of this kind would be 
useless. The potential developed ‘would be small and, 
assuming a field consisting of four pair of poles, most of 
the armature space would not be used. - If, instead of 
the simple loop of wire, we should provide a system of 
wires as shown in Figure 109f we would still produce a 
current which would pass through four cycles per revolu- 
tion, but, as we are cutting four times as many lines of 
force, four times the E. M. F. will be develeped. 

In Figure 109f the straight lines radiating from the 
center and marked by arrow heads indicate the con- 
ductors crossing the face of a drum armature, while the 
lines connecting the outer ends represent the connections 
at the rear of the armature and the lines connecting the 
inner ends those at the front of the armature. Two of 
the lines are carried direct to the two collector rings upon 
which the brushes bear. This form of winding is per- 
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feetly practical and is often used on machines generating 
a low voltage and heavy current. 
Following out the changes which occur during a revo 





Figure 109f. 


lution of the armature it will be seen that, so far as the 
direction of current is concerned the action is similar 
to that described in the first case using the single loop 
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of wire except that here we have four pairs of poles. 
The number of poles can be increased to any number 
within practical limits but for an increase in the num- 





Figure 109g. 


her of poles there must be a corresponding inerease in 
the number of armature conductors. 
An increase in voltage may be obtained in several 
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ways. The magnetic field may be increased. The speed 
of rotation may be made greater or the number of wires 
on the armature cutting through the field of force may 
be increased. The first of these means is limited by the 
design of the field. The second, the speed, is generally 
determined by the number of cycles to be produced. 
Therefore, as with direct current machines it is cus- 
tomary to increase the number of armature conductors 
for an increase in voltage. 

The single conductor for each pair of poles shown in 
Figure 109f may be replaced by a number of conductors 
wound in the form of a coil (see page 129) and having 
the ends of each coil connected as shown in Figure 109g. 
An investigation of the changes occurring during a revo- 
lution will show that these oceur uniformly in all con- 
juctors and a current will be produced which will vary 
in exactly the same manner as previously explained with 
the difference however that a considerably increased 
Ii. M. F. is now obtained. 

This armature, even though wound with coils as de- 
seribed for Figure 109g, would still have considerable 
armature space unused, there being only one coil for 
cach pair of poles. To take advantage of the unused 
spaces the method of winding shown in Figure 109h is 
employed. Here two coils for each pair of poles are 
spaced uniformly around the armature, there being eight 
poles and eight coils or, if in place of a coil separate 
conductors are used, there would be 16 conductors. 
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It will be noticed that the connection between the va- 
rious coils do not occur regularly, only alternate coils 





gure 109h. 


being connected in the same manner. The reason for 
this will be made clear by reference to the simplified 
diagram Figure 109i, which represents two coils (or four 
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conductors) in a bi-polar field. The dotted lines repre- 
sent the connections at the rear of the armature and the 





Figure 109. 
solid lines the connections at the front. The connections 
shown in the figure are identical with those shown in 
Figure 109h, but for one pair of poles. 





Figure 109}. 


To ascertain the conditions with this connection refer 
to Figure 109j, where the variations in the induced E. M. 
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F. in conductors A and B are shown during one revolu- 
tion. Similar changes will, of course, occur in conductors 
C and D, but for the sake of simplicity only two con- 
ductors are shown. The curve A represents the E. M. 
F’s. in conductor A and the curve B those in B, but 
as these two conductors are connected together at the 
rear of the armature, E. M. F’s. induced in the same 
direction will oppose each other and the curve is there- 
fore shown 180° out of place. This may perhaps be 
better explained by illustration. When conductors A 
and B oceupy similar positions with relation to the pole 
piece N, (i. e., cut lines in the same direction) A having 
arrived at a point just inside the tip of the pole piece 
and B is just about to leave the other tip of the pole 
piece positive E. M. F’s. of equal amounts will be in- 
duced in both conductors, but as they are connected to- 
gether at the rear of the armature, the resultant E. M. F. 
will be 0. This is shown at M, Figure 109 j. The curve 
shown by the dotted line represents the resultant E. M. F. 
during one revolution. It will be seen that the two con- 
ductors A and B oppose each other during part of the 
revolution and as a consequence of this the combined 
voltage is somewhat less than with an equal number of 
conductors placed one to a pole piece. 

There are, however, important advantages gained by 
this form of winding, as in the lessening of armature 
reaction on loads, more convenience in winding and more 
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radiating surface. This style of winding is extensively 
used. 

The subdivision may be carried still further, and three 
or four sets of coils provided per pole piece, but the 
E, M. F. at thé machine terminals will be still further 
decreased. 





Figure 109k, 


There are numerous methods of placing and connect- 
ing conductors on single-phase armatures. In the manu- 
facture of machines for instance, it may be desirable to 
use the same form of armature for either single phase 
or two- or three-phase currents, and the windings are 
sometimes arranged so that this change may be made by 
simply using different connections for the same winding. 
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By reference to Figures 109k and 1091, we can get a 
clearer conception of alternators in which the armatures 
are stationary and the field revolves. Figure 109k shows 
part of stator of an Allis Chalmers generator. The 
winding used is diagrammatically laid oift in Figure 1091. 

The winding shown in Figure 1091 is identical with 
that of Figure 109h, with the exception that it is spread 
out so as to cover the whole inner surface of the stator. 





Figure 1091. 

This has the double advantage of lessening the heating, 
because it provides greater radiating surface for the 
wires and also lessens the selfinduction of the armature. 
This latter is an important item. The selfinduction 
acts as a counter EK. M. F., which opposes the impressed 
E. M. F. It is proportional to the rate of change of the 
current strength and therefore varies with the frequency 
and the quantity of current used. In any given coil it 
is also proportional to the square of the number of turns 
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of wire in that coil. If the 3 turns of which each coil in 
Figure 1091 consists were all bunched into one, the in- 
ductance of that coil would be proportional to the square 
of 8, which is 9, while being separated as they are, it is 
equal only to the square of 1. In order to.gain these 
advantages, it is, however, necessary to make some sacri- 
fees in E. M. F. 

In Figure 1091 the shaded pértions below the diagram 
represent the revolving pole pieces of the field. While 
these are in the position indicated at 1, no E. M. F. is 
being generated since an equal number of coils in the 
armature are opposing each other. When the fields as- 
sume the position shown at 2 the armature is generating 
at its maximum capacity. It can be seen from the above 
that a large part of the winding is practically dead dur- 
ing a great part of the time. 


TWO-PHASE ARMATURES, 


A two-phase or quarter phase winding with one con- 
ductor per pole, per phase, is shown in Figure 109m. It 
will be seen that this winding consists of two groups of 
conductors, each one of which is exactly similar to the 
single-phase winding shown in Figure 109f. Two en- 
tirely separate sets of conductors with their separate 
collector rings are provided. 

The characteristics of the currents produced by this 
winding may be more easily understood from the simpli- 
fied armature shown in Figure 109n. The currents pro- 
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duced in the armature are shown by the curves in Figure 


1090, curve A representing the changes in the current in 
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coil AA and curve B the current in coil BB. These two 


currents differ in phase by 90°. 
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In place of the single conductors, former coils may be 
used, each individual set of coils being connected as 
shown in Figure 109g. 





A, 
Figure 109n. 


A two-phase winding, using two coils per phase, per 
pair of poles, is shown in Figure 109p. The coils are so 
arranged that when a slotted armature is used, adjacent 
sides of coils may be placed in the same slot. 


B 


Figure 1090. 
Two-phase armatures may be connected to three col- 
lector rings in place of the four shown in Figure 109p, 
one of the collector rings forming a common return for 
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the two phases. The conditions may be represented by 
Figure 109g, where the lines OA and OB represent the 


Figure 109p. 





two armature phase conductors and the line from O the 


common return. The current on a balanced non-induc- 
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tive load in the common return wire is equal to 1.4 times 
that in either phase wire. The E. M. F. between the 


A 


O 
B 


Figure 109q. 
phase wires A and B is equal to 1.4 times the E. M. F. 
in either phase. 


THREE-PHASE ARMATURES. 


A three-phase armature winding is shown in Figure 
109s. There are three conductors to each pole piece being 
spaced uniformly around the armature. 

Figure 109t, which represents identical connections 
with Figure 109s, but is arranged for a bi-polar field, 
will give a better understanding of the relations of the 
currents in the three sets of conductors. In this figure 
three loops of wire form the armature conductors. Each 
conductor AA, BB and CC are connected diametri- 
cally across at the rear of the armature. One end of each 
loop is connected to a common wire, while the remaining 
ends are separately connected to three collector rings. 

If, instead of the common wire above referred to, six 
collector rings were used, each coil having its own ter- 
minals, a single-phase current could be obtained from 


each coil. 
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Figure 109s. 
A represents the currents in coil AA, 


eurve B that in coil BB and curve C that in CC. It 


ture. Curve 
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will be noted that conductor B, Figure 109t, oecupies a 
position 120° behind conductor A, and conductor C oe- 
¢upies a position 120° behind conductor B and 240° be- 
hind conductor A. The currents in the conductors B 
and C will therefore attain a positive maximum 120° 
and 240° respectively, behind the current in conductor A 
or as indicated by the curves Figure 109u. 

It will be seen by reference to the curves Figure 109u 
that at any point, the algebraic sum of the curves is 0. 





Figure 109t. 


or instance, at point 2 current in B is at a positive 
maximum, while current in A and C is negative and of 
half the strength, their sum is therefore 0. Likewise at 
point 3 current in C is 0, while currents in A and B are 
opposite and of equal values, their sum also being 0. This 
is true of any point we may select on the curves. It is 
vvident that by a proper connection of the conductors, 
one end of each may be brought to a common point. As 
ihe eurrents at this point always neutralize each other, 
it is unnecessary, at least theoretically, to carry a wire 
from this connection. In practice this fourth wire is 
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often brought out, as the load connected to the machine 
may not be evenly balanced, as for instance, where lights 
are connected between the phases. It is also sometimes 
desirable to use single-phase motors connected between 
one of the phase wires and the common wire. This wire 
will only have to carry the unbalanced load. 

The proper manner of connecting the armature may 
pe readily determined from Figure 109t. 





Figure 109u, 


Considering the conductors as occupying the position 
as shown in Figure 109t, the currents in the conductors 
will then be as shown at Point 1, Figure 109u being a 
positive maximum in A aud of half the strength and 
vegative in direction in B and C. 

It ig evident that these three wires can be joined at a 
common point. Considering current flowing away from 
the center of the armature Figure 109t as positive, wire 
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A which occupies a position where the current is at a 
maximum strength in a positive direction can then be 
connected to wire B and C in which the current is nega- 
tive (toward the center of the armature) and of only 
half strength, as shown by the position of these wires 
relative to the pole pieces. 


ce 


This is known as the ‘‘star’’ or Y connection and is 
represented diagrammatically in Figure 109v. The volt- 


age between any of the phases A, B or C and the com- 


A B 


Figure 109v. 


mon point M, is, of course, the voltage developed by 
one set of armature conductors. The voltage between 
any two of the phases as A and B, is equal to 1.73 times 
the voltage developed in any one set of armature con- 
ductors. As an example: If the voltage across A and 
M is 100, the voltage across AB, BC or CA will be 173. 
The watts output with a balanced, non-inductive load 
will be equal to 1.73 IE, where I is the current in anv 
one of the phases, A, B or C and E, the voltage between 
any two phase wires, AB, BC or CA. 


184 


eting 


other method of conne 
s. It is known as the ‘‘delta’’ or 


109w shows an 


Figure 
thre 


e-phase armature 








QWIWW 


wy | 








[| 


nted diagrammatically 


eeeremae, 


WRK 5 
OWN cS 


| 


AS 
fe) Neg 


Ye rs 
WHHL = 


nd is re 









= 
OMA 


prese 


‘“mesh’” eonnect‘on a 


connected to 


in Figure 109x. The ends of each coil are 
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the ends of the others, these junction points being 
brought to collector rings. The voltage between phases is, 
in this case, the same as the voltage across any one set 
of armature conductors. The current, however, in any 
phase wire, is the resultant of the currents generated in 
the two sets of conductors connected to it and is equal to 
1.73 times the current generated in any set of armature 
conductors. For instance, if 100 amperes was generated 
in one set of armature conductors as AB, the current in 
phase wire A would be 1.73 amperes. The watts output 





Figure 109x,. 


would be the same as in the previous case or 1.73 EI 
where E is the voltage between any two phases as AB, 
and I the current in any one of the phase wires beyond 
the point of their junction. 

The method of joining the wires for a delta connec- 
tion may be explained by means of the diagram, Figure 
109x. The-three lines A, B and C represent the three 
sets of conductors on the armature. Considering that 
line A represents conductor A, which occupies the posi- 
tion in the center of the pole pieces, it is evident that 
this conductor is generating its maximum current in a 
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direction which is indicated by the arrowhead, Figure 


109x. Bach end of this coil may be connected to a 
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Figure 109y, 


collector ring. The negative side of conductor B may 


now be connected to the same collector ring as the nega- 


tive sidy of conductor A and the positive side of con- 
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ductor C connected to the same collector ring as the 
positive side of conductor A. The remaining ends of 
conductor B and C are now connected to the remaining 
collector ring. This diagram may be compared with the 
armature connection shown in Figure 109w. 





Figure 109ya. 


A three-phase armature with coils instead of single 
conductors and one coil per phase for each pol piece is 
shown in Figure 109y. The armature shown is star con- 
nected, but may be connected delta by following the 
directions as described for Figure 109x. 

A non-overlapping three-phase winding is shywn in 
Figure 109ya. This winding is arranged for *wenty 
poles and is a very useful one. 
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In Figure 109yb we have a three-phase winding with 
two coils per pole per phase. One part of any coil is 
always under the influence of two pole pieces. To avoid 
confusion in the drawing, the connections from coil to 





Figure 109yb. 


coil have been shown for one set of coils only. In the 
complete armature the other coils will connect to their 
collector rings and from coil to coil in the same manner 
as the coil shown complete. 

Numerous other schemes of winding are employed for 
three-phase armatures. More than one coil per phase for 
each pole piece are sometimes provided and the arma- 
ture conductors are not uniformly placed as regards the 
pole pieces, the object being to avoid dead centers where 
the winding is used for a motor armature. 
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While the tena armature is generally applied to the 
revolving element of an electrical machine, in alternating 
eurrent machines the armature is often made stationary 
and the fields arranged to revolve within it. The dia- 
grams previously shown may be used for machines of 
this type by simply reversing the conditions shown, but 
in this case only one pair of collector rings will be used 
to convey the direct current to the revolving fields. The 
terminals of the three-phase windings on the stationary 
armature are simply brought to terminals mounted on 
the machine. 

The squirrel cage armature is devoid of what could be 
termed a winding, being constructed of a number of 
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Figure 109z. 


copper bars embedded in the iron core of the armature, 
all the bars being connected together at each end of the 
armature by copper rings. The bars are insulated from 
the iron, but very little insulation is needed as the volt- 
ages existing are very low. An armature of this kind is 
shown in Figure 109z. 

The squirrel cage armature has the disadvantage that 
it allows very heavy current to flow through the motor 
when it is started. To overcome this, the revolving ele- 
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ment is provided with a winding arranged in the same 
manner as described for generator armatures. The con- 
nections for these windings differ however. They may 
either be wound in closed coils, one for each phase, or 
the ends of the separate coils may be brought to common 
junctions. 

Figures 109za and 109zb are drawn to illustrate the 
winding of double-current machines or converters. If a 
machine of this type be driven through some external 
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Figure 109za. 


source, alternating currents may be taken off at the col- 
lector rings and direct current from the commutator. It 
may also be driven from the alternating-current side as a 
motor and caused to deliver direct current from the com- 
mutator, or may be driven from the direct-current side to 
deliver alternating currents. , 

Figure 109za shows commutator and collector rings of 
a single-phase machine. Such machines are very seldom 
used, but will do to illustrate the principle. The position 
of the armature must be such that at the time of zero 
alternating voltage the taps connecting commutator and 
brushes are in the position shown, while when the alter- 
nating voltage reaches its maximum value they must be 
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directly under the brushes bearing upon the commutator. 
We can thus see that at the moment the alternating 
E. M. F. is at its highest, it is in direct connection with 
the line. An alternating current in the direction indi- 
cated by the upper curve at the left will therefore pass 
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in the same direction as the direct current in one part 
of the armature and tend to pass in the opposite direc- 
tion in another part, as indicated by the inner arrows. 
The resultant current will depend upon whether the 
impressed E. M. F. is greater than that induced in the 
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coils subject to it or vice versa, and will thus be constantly 
varying in different parts of the armature. At the pre- 
cise moment when the taps are under the brushes, for 
instance, the alternating current will oppose the direct 
current induced in both halves of the armature so that 
no current will be supplied by the converter, but what- 
ever is used by the load will then come directly from the 
generator. 

It is only the current from the generator in the direc- 
tion opposed to that in which the converter current flows 
that tends to drive the converter as a motor. Whenever 
the current from the generator is in the same direction as 
that induced in the converter it has the same effect as 
the armature current and tends to oppose the motion. 
During the time that the alternating E. M. F. is at zero, 
the converter is receiving no current from the line gen- 
erator and must, therefore, supply the load entirely by 
generated current; while at the time the alternating 
E. M. F. is at its maximum (if the armature is then in 
its proper position), it is then giving out no energy, but 
receiving some from the generator. 

The converter usually has a very large commutator 
and collector rings ranging in number from two to twelve. 
Each collector ring must be connected to the armature 
at as many points as there are pairs of poles, and these 
connections must be evenly spaced on the armature. 

Converter armatures may be arranged for 8, 6, or even 
12-phase current. In such cases there must be one col- 
leetor ring for each phase. A diagram of a three-ring 
converter armature is given in Figure 109zb. 
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STANDARD DIAGRAMS 


The fully drawn out diagrams of armature windings 
are usually very difficult to follow because of the many 
overlapping and crossing lines representing the wires. 
In order to simplify matters as much as possible so- 
called standard or conventional diagrams are used. A 
number of such diagrams are shown in the following 
pages. In these diagrams the inner arcs, shown ad- 
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STAR 
Figure 109zc. 

jacent to arrows, each represent coils more or less as 
shown in Figure 109z¢ which represents a typical wind- 
ing. By comparing these conventional diagrams with 
the above Figure and also with Figure 1091 (page 174), 
which shows a single-phase winding; as well as with the 
various schematic diagrams given they can be readily 
understood. The connections must be such that the re- 
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sultant neighboring poles oppose one another as indi- 
cated by the arrows. Trace each circuit from its phase 
end. 
MISCELLANEOUS 
If two single-phase machines be coupled to make up a 
two-phase system their combined E. M. F.’s will be 1.41 
times that of the single-phase voltage. 





B C. 
THREE-PHASE FOUR-P i SERIESSTAR 
Figure 1092d. 


If three such E. M. F.’s be coupled to make up a 
‘star’? connected three-phase system their combined 
voltage will be 1.73 times that of the original. In both 
cases, for the same amount of energy, we may there- 
fore reduce the current correspondingly. A two-phase 
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system will need only 0.71 times, and a three-phase sys- 
tem 0.58 times the current of a single-phase system. 

A two-phase winding may be arranged with either 
four or three wires. But with three wires one will be 
common to both phases and will carry 1.41 times as 
much current as either of the other two. 





THAREE-PHASE FOUR-POLE PARALLEL STAR 
Figure 109ze. 


If a ‘‘star’’ connected three-phase system be changed 
to the ‘‘delta’’ connection it will have the voltage of a 
single-phase only and will have to carry 1.73 times as 
much current as it did before to deliver the same energy. 

Single-phase induction motors are not self starting. 
They must be either split-phase or of the repulsion 
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type. A repulsion motor is reversed by shifting the 
brushes; a split-phase motor must have the connections 
of the auxiliary winding reversed. 

A three-phase motor may be reversed by changing 
any two of its supply wires. To change the direction 
of rotation of a two-phase motor we must reverse one 
phase. 





BG A 
THREE-PHASE FOUR-POLE SERIES DELTA 
Ligure 109zf. 


Any machine may be connected to a lower voltage 
with corresponding loss of power and efficiency but no 
machine should be subjected to a higher voltage without 
very careful examination and testing. If motors are 
to be fitted for a different voltage the arrangements 
should be such that the voltage per coil always remains 
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the same. Two coils designed for 220 volts, for in- 
stance, may be connected in series for 440, 


STANDARD 
DIAGRAM 





Figure 109z¢. 

In three-phase installations the connections may be 
changed from ‘‘star’’ to ‘‘delta’’ to reduce voltage but 
there should be no increase in current. If the motor 
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was ‘‘delta’’ connected it may be changed to ‘‘star’’ 
for a higher voltage. 

Two-phase systems are practically obsolete. But 
there are still some two-phase motors which it may be 
desirable to connect to three-phase systems. The sim- 
plest manner of doing this is by means of standard 
transformers connected as shown in Figure 109zh. One 
transformer must have an 86.6 per cent tap and the 
middle connection of the other transformer is used. 

The self induction of a coil connected to an alternat- 
ing current circuit increases as the square of the num- 
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Figure 109zh. 
ber of turns and is one of the means of keeping the 


current in check. If we lessen the number of turns we 
increase current flow and vice versa. If we change the 
frequency to a higher one we also lessen the current 
flow: lowering it increases the current. Voltage and 
frequency should vary together. The heating in pole 
pieces also increases with the magnetic flux and this 
must be watched. As a rule the current carrying 
capacity of a motor increases with speed, because of 
better ventilation. 


CHAPTER X. 
MAGNET WINDING. 
Calculation of Electro-Magnets. 


Magnetism is now conceived to exist in the form of 
a flow or flux which behaves very much like the flow of 
electric current. The law of the magnetic circuit is very 
similar to Ohms law. 


Magneto Motive Force 
Reluctance 





It is = Magnetic Flux. 
Magneto Motive Force means to magnetism what 
Electro Motive Force means to current flow. Reluctance 
is also of the same nature and influence as resistance in 
the electric cireuit. Furthermore, the law of reluctance 
is the same as that of electrical resistance; it increases 
directly as the length and inversely as the cross section. 
The above formula can, of course, also be transposed 
in the same well known way as Ohms law, thus: 
Magneto Motive Force = Flux X Reluctance, and 
Magneto Motive Force 
Flux 
The strength of the magnetic field is expressed by the 
number of lines of force per unit of area. These lines 


are assumed to flow along the iron or air inside of a 
189 


= Reluctance. 
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helix at right angles to the current circulating around 
the space inclosed in the wires, as shown in the figure. 
They leave the coil at the north pole and re-enter it at 
the south pole and the relation in regard to direction of 
current flow and direction of magnetism is always as 
shown in the figure. A reversal of the direction of eur- 
rent will bring with it a reversal of the direction of 
the lines of force or polarity of the helix. 








The fundamental relation of the quantity of current 
flow and the resultant magnetism is the following: A 
unit pole exists at the end of an infinitely long column 
‘of air of a cross section of one square centimeter which 
is provided with an exciting force of one absolute elec- 
tromagnetic unit of current strength per centimeter in 
length. The absolute unit of current strength is equal 
to ten practical units or amperes and the exciting cur- 
rent in the above case is therefore equal to ten amperes. 
From such a pole one line oi force per square centimeter 
of surface is supposed to emanate in all directions as 
from the surface of a sphere. The surface of a sphere 
of one centimeter radius, it ean be shown, is equal to 
4x (or 3.14), which equals 12.56. As we, however, do 
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not usually deal with the metric system, it will be con- 
venient to translate these quantities into square inch 
measurements. We have already seen that the re- 
luetance of the magnetic circuit decreases as the cross 
section of the air or iron inside of the helix increases 
and therefore, the flux per square inch must be greater 
than per square centimeter. If we, therefore, increase 
the diameter of our helix so that it shall have a cross 
section of one square inch we shall thereby correspond- 
ingly increase the number of lines. One inch is equal to 
2.54 centimeters, therefore a surface one inch square 
will give us 2.54 & 2.54 as many lines as a surface one 
centimeter square. But as we increase the area to get 
square inch measurements we must also increase the 
length, as this again increases the reluctance 2.54 times 
we have as a net result the flux from a given exciting 
force per inch 2.54 times as great as from the same 
exciting force per centimeter. 

We have already seen that the flux from a column of 
one centimeter cross section and one absolute unit of 
current strength is 12.56 and as the practical unit or 
ampere is but 1-10th of this, the flux per ampere turn 
per square centimeter is but 1.256. In order to find the 
number of lines that will be. produced in air by one 
ampere turn per square inch we therefore multiply 1.256 
hy 2.54 which gives us 3.19, which is the number of 
lines of force created in air by one ampere turn (one 
ampere circulating once around a coil) in air; the cross 
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section of the column of air being one square inch and 
there being one turn for every inch in length. If we 
increase the diameter of the coil the flow will be cor- 
respondingly increased; if we decrease it the flow will 
be decreased; also if we increase the exciting force the 
flow will be increased and vice versa. 


INFLUENCE OF IRON. 


If we now insert a piece of iron into the helix we 
shall find upon investigation that the flow is enormously 
increased. The increase caused in this way varies with 
the quality of the iron and also with the degree of 
magnetization to which the iron is subject. If to any 
piece of iron we apply a steadily increasing mag- 
netizing force we shall at first find the magnetism 
steadily increasing in about the same proportion as the 
exciting force but after a certain point is reached (vary- 
ing somewhat with the kind of iron) further magnetiza- 
tion becomes more and more difficult until at last the 
further increase is no greater than it would be with air. 
At this point the iron is said to be fully saturated. The 
various curves in Figure 16 represent these changes in 
the iron graphically and a study of them will help to 
familiarize us with this fact. 

For whatever purposes an electro-magnet may be used 
we may always consider it as requiring a certain num. 
ber of lines of force. , 
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The condition of saturation to a certain oegree; of 
being capable of lifting a certain number of pounds; of 
causing a certain induction when used for spark coils 
or transformers or of causing a retardation or lag of the 
current behind the electro-motive force may all be ex. 
pressed in this way. 

The first part of the problem in determining the pro- 
portions of an electro-magnet, is to find the size of the 
iron core that had best be used to accommodate the re- 
required number of lines of force. For this purpose 
it is most convenient to consult Table III. This table 
gives, in the first column to the left, the densities at- 
tainable with good wrought iron and at the right the 
same for ordinary cast iron. The data from which this 
table is figured are taken from Wiener’s great work 
‘“‘Dynamo Electric Machines’’ and represent average 
values of many samples of iron tested. In this table we 
give only the best and the poorest iron used for this pur. 
pose. There are several special kinds of iron, but the 
data regarding these had best be obtained trom the man- 
ufacturers. If very accurate results are aimed at the 
samples of iron to be used must be tested. If the figures 
given in the table are to be used as the basis of the cal- 
culations without special knowledge as to the quality of 
the iron at hand liberal allowances for possible varia- 
tions should be made. 

The table gives in the first column of each half of 
the page, the number of lines that can be obtained per 
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square inch; in the second column the peimeability or 
multiplying power of the iron (usually designated by 
the Greek letter ») at that particular density; in the 
third column we have the number of ampere turns per 
inch length of core, required to produce the correspond. 
ing density; in the fourth column the lines produced in 
air without the help of the iron and in the fifth column 
the influence of the air gap is made clear. In the last 
column, finally, we give the traction or pull in pounds 
obtained with the given density per square inch. 

In order to produce a certain number of lines we 
may select the quantity of the iron to be used and the 
exciting force required from a wide range of possibilities. 
In all cases the number of lines from a given exciting 
foree or number of ampere turns will depend upon the 
cross section of the iron, so that in order to get the 
total number of lines it is necessary to multiply the 
area by the density and the ampere turns given in the 
table will be sufficient to produce this number. 

It may be noted in passing that much greater 
densities and much stronger lifting powers have been 
developed in laboratories. Ewing in some of his ex- 
periments carried the magnetization so far that his 
magnet became capable of lifting 1,000 pounds per 
square inch of surface. 

By an inspection of the table it will be noted that 
the permeability is a very variable quantity. It rep- 
resents the number of times that the flow of lines in 
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iron is greater than the flow in air. At the highest 
density given, when the iron is nearly saturated, we see 
that it is only 43.5 while at a density of 20,000 it is 
as high as 1786. This means that at the lower density 
we get about 41 times as many lines from the same ex- 
citing force as we do at the higher. 

In each column the figures given under ‘‘ Air Gap’’ 
are intended to facilitate the calculations of the number 
of ampere turns necessary to force the corresponding 
flux through the air gap in the magnetic circuit. The 
figures given show how many times greater must be the 
exciting force for each 1-64th of an inch of.air than is 
required for 1 inch of iron at the densities given in the 
various horizontal rows in the table. 

To find the number of ampere turns required for any 
air gap we first find, for the density desired, the num- 
ber of ampere turns per inch required for the kind of 
iron of which the pieces adjacent to the gap are made. 
Multiply this by the figures given under ‘‘ Air Gap’’ and 
by the number of 64ths of an inch which represents the 
length of the air gap. It is, of course, understood that 
the air gap is of the same cross section as the pole 
pieces from which it is figured. If two cores are un- 
usually expanded or contracted at the points where the 
lines of force pass between them this fact must be taken 
into account and the total number of ampere turns cor 
respondingly increased or decreased. 

In order to more fully grasp the meaning of the 


MAGNET WINDING 197 


table let us assume the following example: Suppose we 
wish to magnetize a piece of iron to a density of 100,000 
lines per square inch. We see from the table that this 
requires 91 ampere turns but this figure is based on the 
assumption that there are 91 turns to every inch in length 
of the whole magnetic circuit. In order to fulfill this 
condition the iron must be in the shape of a ring or 
closed loop which may be of any shape or size so long 
as it has the required number of turns per inch. It is 
not necessary that these turns be evenly distributed; if 
only a part of the space is available for winding we 
must crowd the requisite number of turns into that 
space. Now since the multiplying power of the iron at 
the density of 100,000 lines is 345 it follows that if we 
cut away 1 inch of the iron we shall require 345 times 
ag many turns for that inch as would be required if the 
iron were to remain. The total number of turns will 
therefore be 345 X 91 for the air gap of 1 inch in length 
and 91 for each inch in length of the iron core. If the 
air gap is only 1-4th or 16-64ths of an inch we shall need 
16 X 5.4— 86.4 X 91 for that quarter of an inch. 

From a study of the table we cau see that an addition 
of an inch or two to the length of the iron, in order tc 
obtain room for the winding, will not affect the problem 
very much if the air gap is relatively large, while on 
the other hand it will be very important if the air gap 
is very small or entirely absent. 
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MAGNET WINDING CALCULATIONS. 


In the following winding tables there is given, in 
connection with each wire considered, the resistance of 
that wire of a length of one turn wound upon a spool 
of 1 inch in diameter, as well as the radiating surface 
of the same length of wire and the number of turns per 
linear inch of that wire. 

If we subject one such a turn to a certain E. M. F. 
we shall obtain a certain current which will be nv- 
merically equal to the E. M. F. divided by the resistance 
given. As this current circulates but once around the 
coil it will also be numerically equal to the ampere 
turns. If we add another turn of wire to the same cross 
section upon the same spool, we shall, from the same E. 
M. F. obtain only half as much current; but as this 
current circulates twice around the coil we shall have 
exactly the same number of ampere turns as before. No 
matter how far we may extend this process, so long as 
we do not change the length of the turns or change the 
voltage, we cannot change the number of ampere turns. 
We can see therefore that in order to obtain a certain 
number of ampere turns upon a given spool we must 
use a certain size of wire. 

As the length of a turn and consequently its re- 
sistance increases directly as the diameter of the spool 
it is evident that the greater the diameter of the spool, 
the lower must be the resistance of the wire per fovt, in 
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order to give us the same number of ampere turns. We 
can also see from the above that the amount of energy 
required to produce a given number of ampere turns 
is not at all a fixed quantity and the greater the num- 
ber of turns of wire we use the lower will be the ex- 
penditure of energy to produce the required magnetism. 
On the other hand also, the fewer turns we provide the 
lower will be the first cost of construction. We may 
therefore choose from a wide range of possibilities the 
winding which seems to be best suited to our needs. 

As it is also a well known fact that the heating effect 
of an electric current is proportional to the square of the 
current and as the current grows smaller and smaller 
with each additional turn while the ampere turns remain 
unchanged, it follows that we may get a certain number 
of ampere turns with about any degree of temperature 
rise of the coil we may desire. 

We have therefore the general rule: The size of the 
wire (i. e. cross section) determines the magnetizing 
effect, and the greater the cross section of the wire the 
greater the magnetizing effect, other factors remaining 
unchanged. 

And also: The number of turns of wire we wind 
upon a coil determines the temperature rise of that coil 
and the efficiency; and the greater the number of turns 
the lower will be the heating and the higher the effi- 
ciency of the winding. We must not, however, apply 
this indiseriminately to all coils. It is true only as long 
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as the length of the turns does not change as, for in- 
stance, where we are considering a change in length of 
the spool only. In most coils there are a number of 
layers wound over one another; in such a case each suc- 
ceeding layer is longer than the one below it and con- 
seaanently has a higher resistance. This brings with it 
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Figure 110. 


a consequent decrease in the number of ampere turns. 
In order therefore to get the true values for a coil 
several layers deep we must use the mean diameter of 
all the layers. This consideration is more important 
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with small spools where the diameter of the wire is 
large than with larger spools and small wire. This is 
well illustrated in Figure 110. In this figure the un- 
shaded portions of the various circles are all of the 
sume length and the shaded portions represent graph- 
ically the gradual increase of resistance of the outer 
layers over that of the inner. This figure can also be 
used, as we shall see later, to illustrate the changing pro- 
portions of resistance and radiating surface of coils. 

Since * = a.t., or ampere turns, *. = R; R, being 
the resistance as given in the table and a. t. the ampere 
turns. Since further resistance increases directly as the 
diameter of the spool and the mean diameter of the 
winding we may rewrite the formula thus: 


R= Si R being the resistance of a turn of 


wire as given in the table and D being the diameter of 
the coil taken at half the depth of winding, as from 
A to B in Figure 110. This gives us the mean length 
of all the turns of wire placed upon the coil. There- 
fore, in order to find directly the resistance of a wire 
{o be used in order to give a certain number of ampere 
turns with a given voltage and a given spool, we assume 
some depth of winding and find from this the mean 
iliameter of all the turns. Next we multiply the am- 
pere turns by this and divide the E. M. F. by this 
product as in the formula above. The result will be the 
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resistance of a wire 3.14 inches long that would give us 
exactly the number of ampere turns sought for. By 
selecting the nearest resistance to this from the table 
it will indicate the nearest size of wire which, wound to 
the depth we have assumed at the start, would give us 
the required number of ampere turns. As it is very 
unlikely that we shall strike exactly any number given 
in the table we may select the one nearest to it either 
higher or lower as the case may seem to warrant. 
Example: What is the smallest wire that will give 
us 11,800 ampere turns upon a core 9 inches in diam- 
eter, voltage 110? Let us assume a depth of winding 
of one inch which gives us a mean diameter of ten 
inches. Next we divide 110 by 10 X 11,800, which gives 
ux .00093; this is the resistance we must have in one 
turn of wire to give us 11,800 ampere turns. Tracing 
along in Table IV. under ‘‘Resistance’’ we come to 
0083, which corresponds to a No. 15 wire. This re- 
sistance is a little lower than we were looking for and 
we may now check back and see what this wire will do 
for us. In order to find exactly how many ampere 
(urns this wire will give us we divide 110 by 10 X.00083 
(the resistance of an average turn on a 9 inch core), 
which gives us 13,253. As this is more than we care for, 
we try the next smaller wire, which has a resistance of 
WW11; dividing 110 by 10 x .0011 gives us 10,000. We 
may now choose either of these wires as we think best. 
If we desire to have exactly the right number of am- 
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pere turns we can either increase or decrease the depth 
of winding until it comes out just right for one or the 
other of the two wires. 

Having thus found the proper size of wire to use, 
our next consideration is to find how many turns must 
be placed upon the spool to bring the heating within 
the proper limits. For general purposes it is customary 
to allow about 2 sq. inches of radiating surface for each 
watt used in the coils. The value of the radiating sur- 
face may, however, differ considerably from this. Ip 
connection with armatures it is often taken as low as 1 
and this value may also often be used in connection 
with magnets that are in circuit only for a very short 
interval at a time. The more radiating surface there 
is allowed per watt the more’ expensive becomes the 
winding, hence it is usual to make this as low as prac- 
ticable. 

The watts in any electric circuit are equal to the 
E. M. F. squared and divided by the resistance. For 


the condition stated above (2 inches of surface for each 
2 
watt) we must therefore arrange the coil so that ~ 


may not be greater than a ; rs. being the radiating 


2 
surface. We may make r.s. as much greater than r as 
we choose without doing any further harm than that we 
shall be using more material than economy of construc- 
tion demands. For general purposes, however, we shall 
strive to make them equal. 


\ 
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To get the equation into practical form for our pur- 
pose we transpose it and find that E* x 2 must equal 
rs. X R. E® X 2 is easily found. The value of r.s. and R 
can be taken from the table, which gives them in direct 
reading for a 1 inch spool. In the table there is but one 
value for resistance given and that is for a coil running 
quite cool. There are 3 values of r.s. for different thick- 
nesses of insulation given. The double silk is the same 
generally as the single cotton and can be used for both. 
lo find the resistance of a coil of any diameter and 
depth of winding, multiply the resistance given in the 
table by the mean diameter of the winding as A to B 
Il‘igure 110. To find the radiating surface of the same coil 
multiply the diameter of the wire by the total diameter 
of the eoil as from C to D in the figure. This is all we 
need to figure to begin with, because the radiating sur- 
face and resistance increase in the same ratio directly 
us the length, and as long as we do not change the pro- 
portion of the first section considered they will remain 
the same throughout any length of spool. If, however, 
we attempt to consider a different depth of winding we 
ust again determine the resistance and the radiating 
surface, since we can see from the figure that the pro- 
portions of the two are constantly changing. 

In the calculations of radiating surface we must 
neglect the ends. In general practice the length of the 
spool is made much greater than the depth of winding 
and as the.ends therefore have very little effect upon 
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the center they must be neglected entirely for it 18 the 
heating of the center that limits the watts to be used. 
If, as may in exceptional cases occur, the depth of 
winding is equal to the length of spool the radiating 
surface of the ends may be reckoned with. 

In order to find what the resistance would have to 
be if we were to wind only this one section we divide 
E? & 2 by the r.s. for the diameter we have just found. 
This will give us a resistance much greater than we have 
in those few turns and we must add more such sections 
until the product of r.s. x R becomes equal to E? X 2. 
In order not to affect the ampere turns we must leave the 
mean diameter as we had it in the first place and con- 
sider only a lengthening of the winding space. As we 
lengthen the coil we also increase the radiating surface 
in the same ratio as we increase the resistance. We 
therefore increase the product of the two as the square 
of the length of the coil or the number of sections used. 
That is, the product of the radiating surface and the 
resistance for two such sections as we have been con- 
sidering would be four times and for 3 nine times that 
of one. 

Since the product of r.s. X R increases as the square 
of the length, in order to find the length of winding 


EX? 


necessary, we extract the square root of which 


gives us directly the number of turns of wire in each 
layer of the coil. Since the table gives also the num- 


MAGNET WINDING 207 


ber of turns per inch we can from this get the length 
in inches of the winding space necessary to accommo- 
date them. From the mean diameter of the winding we 
have assumed we can now determine the number of 
layers and thus the product of the two will give us the 
number of convolutions to be placed upon the spool. 
As most winding is done by machines which at the 
same time count the number of turns, this is in pre- 
cisely the shape in which it is to be used. 

As an example let us assume that we have a case in 
which it is decided that a number 20 wire will give us 
sufficient magnetizing force and we are now to find how 
much space we shall have to oceupy so as to obtain suf- 
ficient radiating surface. The voltage to be used is 110 
and the diameter of the spool 9 inches; 110? 2 equals 
24,200 and the product of R X rs. should be equal to 
this. A number 20 wire, double cotton covered, will 
vive us exactly 25 layers or turns per inch. As we have 
‘a spool of 9 inches in diameter and assume a depth of 
winding of 1 inch we shall have a mean diameter of the 
winding of 9+1 inches; the resistance of the 25 layers 
will therefore be 10 & 25 & .0026, the latter number 
being the resistance taken from the table. This gives us 
.66 as the resistance of a winding of the mean diameter of 
10 inches and a width equal to the diameter of the wire 
which, we may say, forms one section of the winding. 
The radiating surface is computed from the outside 
diameter of the coil which is 11 inches, it is therefore 11 
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times that given in the table or 1.386. In order to get 
the product of the two we multiply 1.386 by .66 which 
gives us .9148; 24,200 divided by this is equal: to 
26,465. Now in order to get the proper proportions the 
product of r.s. x R must be made 26,465 times greater 
than it is for the section we have considered. Since, 
however, every additional section adds equally to the 
resistance and to the radiating surface the product of 
the two increases directly as the square of the length, 
or, in this ease, as the square of the turns. In order 
therefore to find how many turns per layer we must pro- 
vide we extract the square root of 26,465 which is 162.96 
(see table for method of obtaining square root). As 
there are 25 wires per inch we require 162.96 divided by 
25 or 6.52 inches in length for the winding space to 
give us the proper radiation. 

Let us now check up and see what we have obtained. 
The total radiating surface of the coil is 11 & 6.52 & 3.14 
which equals 225.2 square inches. The total resistance. 
is 163 X .66 which equals 107.58. In order to find the 
watts we divide E?==12,100 by this and obtain 112.5 
watts; 225.2 divided by this gives very nearly 2 inches 
of radiating surface per watt expended. 

Owing to the fact that the number of turns per inch 
is not always as accurately given as in this case other 
calculations may not come out as closely correct, but 
they will be close enough for all practical purposes. 
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The case of a coil to be wound for a fixed current be- 
comes very simple by the use of Table IV. This table 
gives in the three columns at the right marked cool, 
warm, hot, the squares of the currents permissible un- 
der the different conditions of heating given. The 
watts in any circuit, it is well known, are equal to the 
square of the current, multiplied by the resistance. If 
we assume that the radiating surface does not change 
we must see that I? & R is always the same no matter 
how many layers deep we may wind; that is, two layers 
must consume no more energy than one. Since in two 
layers R is double that of one, I? must be only half that 
of one layer. In other words, the current must be so 
reduced that it, squared, will amount to only half the 
square of the current for one layer. To find this cur- 
rent for any number of layers we divide the square of 
the current for one layer by the number of layers and 
extract the square root. It can be seen that we can 
turn this process about and in order to obtain the size 
of wire for a given current we need only to square the 
current and multiply by the number of layers. Having 
done this we compare the number so found with the 
numbers in whichever of the three columns we desire to 
work under and find the number nearest equal to it. 
Opposite the number under B. & S. will be found the 
proper size of wire for the depth of winding and the 
current considered. 

As has been stated before, this current is based 
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upon the assumption that the radiating surface does 
not change with different depths of winding. This con- 
dition is approximately fulfilled when the diameter of 
the spool is very large compared to the size of wire and 
the number of layers considered. Theoretically, by this 
formula the watts remain always the same; hence by 
comparing the actual radiating surface of the finished 
coil of many layers by that of a coil of one layer we 
ean form some idea of what the excess of radiating sur- 
face will be. It will always be greater in the propor- 
tion, as the diameter of the finished coil is greater than 
that of the diameter of the spool. 

Example: We have a current of 7 amperes from 
which we desire to obtain 900 ampere turns. The diam- 
eter of the spool is 8 inches and the winding is to be 
selected from the column ‘‘warm.’’ 

In a ease of this kind we have nothing to do with the 
voltage. This is taken care of by an increase of E. M. F., 
which must be made in proportion to the added resist- 
ance to keep the current at its normal value. The diam- 
eter of the core also interests us only in so far as it 
affects the radiating surface if there are many layers. 

We begin the calculation by trying what one layer 
will do for us. To this end we square 7, which gives us 
49. Following the column ‘‘warm’’ downward we come 
to 40 and 59. In order to be on the safe side let us try 
the larger wire, as this will give us less heating than will 
the smaller; 59 corresponds to a No. 17 wire, which 
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gives us (double cotton covered) 19 turns per inch. As 
we need 900 divided by 7, or 129 turns, we should re- 
quire a coil equal to 129 divided by 19=6.7 inches in 
length. Let us now try 5 layers deep. We now have 
49 times 5, which equals 245. Tracing down the same 
column and keeping on the safe side we come to 325, 
which corresponds to a number 12 wire. As this is 5 
layers deep we need only 26 turns in each layer to make 
up the 129 turns, and as there are 11 turns per inch we 
shall need only 2.4 inches for the length of winding 
space. 

As the winding depth of 5 layers corresponds to 14 
inch very closely, the total diameter of our coil is very 
nearly 9 inches and the total radiating surface is about 
9 X 3.14 & 2.4 = 67.82 square inches. The length of a 
mean layer is about 8.5 inches and the resistance given in 
the table .00042. The total resistance is therefore 
8.5 & .00042 K 2.4 * 11 KX 5=.47, which, multiplied 
by the square of the current, 49, gives us 23.03 as the 
number of watts. 

We have here a radiating surface much greater than 
we required, first, because we took a wire larger than 
indicated, and, second, because the depth of winding in- 
creases the outside diameter of the coil considerable over 
that of the inner. If instead of the 12 we had taken a 
number 13 we should have a radiating surface of about 
60.79 and the watts would be about 28.42. This is still 
a little larger than required and we may take it, as a 
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general rule, that wherever any considerable depth of 
winding is considered we may safely take a wire one 
size smaller than indicated. 
From consideration of the foregoing we may now 
establish the following rules and formule for the table: 
1. To find the smallest wire from which the required 
ampere turns can be obtained. The resistance R of the 


E 
a.t. x D 
2. To find the number of layers multiply assumed 
depth of winding by the number of turns per inch of the 


wire as given in the table equals 


wire in question. 

3. To find the number of turns per layer to give re- 

quired radiating surface n.t. = /—E* xe _ 
RX1xXr.sxD!? 

4. To tind length in inches of coil divide result of 
formula 3 by number of turns per inch of wire in ques- 
tion. 

5. To find total number of turns multiply result of 
formula 2 by that of 3. 


FOR A FIXED CURRENT. 


To find number of convolutions necessary divide 
number of ampere turns by the current. 

To find smallest permissible wire for any depth of 
winding multiply the current to be used by ifsclf and by 
the number of layers in depth of winding. Select the 
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number nearest equal to this from one of the columns at 
the right of the table; opposite this number under B. & 
S. will be found the gauge number of the wire required. 
As a rule a wire one or two sizes smaller than indicated 
ean be used. 


SYMBOLS USED IN FORMULAS, 


= voltage. 
a.t. = ampere turns. 
D = mean diameter of winding. 
R = resistance as given in table. 
1= number of layers. 
D! = total diameter of coil. 
r.s. = radiating surface as given in table. 
n.t. = number of turns per layer. 


a = variable from 1 to 3 and equal to 2 for general 
purposes. 


TYPES OF MAGNETS. 


Figure 111 shows the commonest form of electro- 
magnet in use. It is this type that is used for telegraph, 
telephone and all similar work where the armature is 
close to the poles and where action over an extended 
range is not necessary. ; 

The windings for all types of magnets must be ap- 
plied as illustrated in Figures 112 to 114. Figure 112 
shows a view of the winding as it would appear to one 
looking at it from the end of the magnet. It will be 
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noticed that it forms a spiral, half of which runs in op- 


position to the other. 
Another way in which to familiarize oneself with 


the condition of the wires to insure the proper operation 





Figure 111. 


of a magnet when complete can be explained by refer- 
ence to Figure 113. In order that all of the windings 
may tend to produce a circulation of the lines of force 





Figure 112. 


in the same general direction they must be applied to 
the two coils just as though they were all wound upon 
one coil and all in the same direction as in Figure 113. 
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If now the two coils illustrated in this figure are 
separated and set up on the yoke to form the coils of 
a complete magnet it will be seen that the windings 
will run as shown in Figure 114. Figure 114 has ex- 





Figure 114. 


actly the same wire on it as Figure 113 and is placed 
on in the same way, and consequently the lines of force 
produced will all be in the same general direction. The 
loop of wire at the bottom of magnet 2 is not neces- 
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sary; it is merely shown because it would come that 
way if Figure 113 were set up as is here shown. [f 
magnet 1 were connected directly to the top of magnet 
3 the result would be the same. It is also immaterial 
whether the winding runs to the right or to the left, 
or as shown in the figure, up or down, on the spool; 
the only point that must be observed is, the manner in 
which the current circulates around the magnet, which 
must always be as illustrated. in Figure 112. 


SPARKING. 


In connection with all electro-magnets in which the 
current is often interrupted the sparking is a very im- 
portant and troublesome item. To reduce damage from 
it to a minimum it is necessary to use platinum at all 
points where the break in the circuit occurs. Many 
schemes have been tried to lessen the troubles from 
this source, but we shall confine ourselves to dealing 
with the four most effective methods. The best method, 
where it can be applied, is that depicted in Figure 115. 
This is a differential magnet, provided with two coils 
wound in opposite direction, so that as long as current 
is flowing in both of them there is no magnetism. If 
now the current through one of the coils is interrupted 
the other coil remains alone in action and the magnet- 
ism appears as soon as the opposing magnetism dis- 
appears. With this winding when we break the circuit 
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we destroy no lines of foree, and consequently are not 
troubled with an induced E. M. F. and current which 
give us the spark. On the other hand, when we desire 
to destroy the magnetism we do so by closing an electric 
circuit and whatever induced currents there may be can 
circulate in the coils where they can do no harm. 





Figure 115. 


The next method is that shown by the dotted lines in 
Figure 111. In this method instead of breaking the cir- 
cuit of the magnet we shunt the current around it by 
closing the key. There is no spark when the magnetism 
is destroyed, but of course there is some sparking when 
the shunt circuit is opened and the current forced 
through the magnet. 

Another method sometimes used consists in covering 
{he core with a copper sheath before the winding is put 
on. When the current is interrupted the lines of force 
in the iron induce currents in the copper sheath, which 
in turn tend to keep up the magnetism, thus allowing it 
gradually to die out instead of being suddenly and 
totally destroyed. 
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Sometimes also a condenser is bridged across the 
break as shown in Figure 116. This takes up much of 
the current and lessens the sparking. 


LIFTING MAGNET. 


The general shape and arrangement of a lifting mag- 
net is shown in Figure 117. For this purpose it is es- 





Figure 116. 





Figure 117. 


sential that the magnetic circuit be as good as possible 
and the pole pieces must be made to fit the pieces that 
are to be lifted as closely as possible. In any magnetic 
circuit of high efficiency anything that will introduce an 
airgap, ever so slight, will materially lessen the traction. 
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It must be borne in mind that the traction or lifting 
power is in proportion to the square of the lines of 





Figure 118. 


force, and a little dirt the thickness of paper may in 
some cases result in a loss of half the lifting power of 
the magnet. 
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MAGNETS FOR LONG RANGE OF ACTION. 


Figures 118 to 120 show forms of magnets adapted tor 
use where a considerable length of stroke is necessary. 
In such places the ordinary electro-magnet cannot be 
used because of the great airgap and the tendency of 
the lines of force to Jeak back instead of extending to 
the armature. In Figures 118 and 119 two solenoids 





Figure 119, 


are shown, one for a single plunger, and the other for a 
double. When current is turned on there is a strong suc- 
tion, the magnetism tending, so to speak, to suck in the 
cores until they assume a position at which the magnetic 
circuit is as good as it can be with that particular coil 
and plunger. The general guiding principle which can 
be used here as well as in connection with all electro- 
magnets is that the lines of force tend always to draw 
the iron of the magnetic circuit into such a position that 
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it will accommodate the most of them, i. e., form the best 
possible path for them, and thus produce the greatest 
number. 


MAGNET FOR QUICKEST ACTION. 


For a magnet of this kind we must do just the op- 
posite of what is essential in lifting and other power 
magnets. It is well known that every magnet possesses 
some inductance, and that this inductance is in pro- 
portion to the lines of force produced in it. If we have 





Figure 120. 


a magnet of very high efficiency we shall have very 
great inductance and consequently a very great re- 
tardation of the current. This will give us a slow act- 
ing magnet. If instead of this we employ a magnet 
of low efficiency we shall have a low inductance and 
consequently there will be little retardation. Of course 
the energy used up in this case will be large compared 
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to the results obtained. The case is analogous to that 
of a large and small ball striking a pin. The small ball 
requires little energy to move and imparts it all to the 
pin and comes to a stop when it strikes. This is a case 
of high efficiency, and the action is slow, for the ball 
must be brought in motion again. On the other hand, 
the large ball requires considerable energy to bring 
it into motion and when it finally strikes the pin the 
energy required to knock it over is so little compared 
to what is stored in it that the ball is not noticeably 
checked by it. In the same way a magnet so arranged 
that its counter E.M.F. or self-induction is equal to but 
a fraction of the total E.M.F. required in the circuit 
is the one best adapted for very quick work. 


CHOKE OR RETARDATION COILS. 


Coils for this purpose require a very good magnetic 
circuit. Other things being equal, the better the mag- 
netic circuit the greater will be the reactance or chok- 
ing effect. 


MAGNET WINDING; PRACTICAL POINTS. 


Before beginning the winding, the cores of all electro- 
magnets should be well insulated. This is usually ac- 
complished by placing one or more layers of paper 
around the iron core. If the magnet is to be subjected 
to high E.M.F.’s this insulating medium should be 


MAGNET WINDING 223 


quite substantial and specially prepared. For ordi- 
nary purposes, however, almost any good paper will do. 
Layers of paper are also placed between the. different 
layers of winding according to the needs of the case; 
for great potential differences, between each layer, and 
for smaller potentials, between every third or fourth 
layer. The paper between the layers also serves to keep 
the winding smooth and regular. 





Figure 121. 


The difference of potential which will exist between 
any two wires in contact can be readily seen by refer- 
ring to Figure 121. With a coil wound uniformly from 
left to right and right to left the greatest difference of 
potential that can exist between any two wires is that 
between the two wires at the ends of the layers as shown 
by the arrows in the figure. The difference of poten- 
tial which exists at these points can be determined by 
a.¢iding the total difference of potential over the entire 
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coil by the number of layers and multiplying by 2. As 
an example: If the. voltage at the terminals of the 
three layers shown in Figure 121 is 100, the voltage 
between the two adjacent wires indicated by the arrows 
will be 66.6. The layers must, therefore, be insulated 
for this difference of potential. 





Figure 122. 


As it is necessary to have laminated cores for alter- 
nating current magnets and as these cores are laminated 
as shown in Figure 122, the construction of a core of 
cireular cross section would require numerous punch- 
ings of different shapes. For this reason and to make 
the cost of construction less, cores of square cross sec- 
tion are often used. The wires for this form of magnet 
are sometimes wound upon hollow spools of fiber and 
this afterward filled ‘as fuil as possible by forcing as 
many of the punchings into it as it will hold. 
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The ordinary electro-magnet is wound in a machine 
similar to a lathe, the spool being centered and the 
wire guided into position by the hand of the operator. 
The device shown in Figure 123 is very useful in count- 
ing the number of turns. It is attached to the winding 





Figure 123. 


machine in such a manner that the spindle makes the 
same number of revolutions as the spool and the point- 
ers on the dial revolve and indicate at any time the 
number of revolutions the spool has made. Other de- 
vices sometimes used automatically measure and record 
the length of wire wound on the spool. 
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Where magnets requiring a great number of turns, 
such as are to be used for high voltages, for instance, 
are to be wound, special winding machines are construct- 
ed. A mechanical guide is arranged to move the wire along 
the spool at the desired rate of speed so that the wire 
becomes properly spaced along the spool. This makes 
possible winding at a very high rate of speed and also 





Figure 124, 


allows of winding with bare wire, the wire being so 
spaced as to leave an air space between adjacent turns. 
Each layer of wire must be covered with a layer of 
paper to insulate the various layers. In the Varley 
winding bare wire is used, a layer of string or thread 
being wound on parallel with the wire, this serving to 
keep the adjacent wires separated. Sheets of insulat- 
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ing material are placed between the adjacent layers and 
the wire thus becomes fully separated, although not in it- 
self insulated. 

Wire should always be applied to the core in such a 
manner as to avoid crossing wires, as would be the case 
if the wire from the bottom layer, Figure 121, was 
brought out inside the end pieces instead of passing 
through them. Another method of bringing out the 
wires from the lowest layer is shown in Figure 124. 
The two end washers are placed together and a hole 
drilled through them as shown in the figure. Other 
washers cut from cardboard or thin fiber are placed on 
the core between the two drilled washers. The wires 
leading from the inside layer are brought out through 
the drilled hole and the other washers then forced up 
against these wires, holding them in place. It is neces- 
sary, of course, in all cases to have the end washer either 
fit very tightly to the iron core or else to fasten it with 
shellae or cement. : 

When the magnet is wound with small wire it is well 
to solder a short length of stronger wire to the end of 
the winding and let this project from the end of the 
spool. The fine wires are very easily broken if, as is 
often the case, it is necessary to repeatedly disconnect 
them. If the wire from the inside layer breaks it may 
be necessary to entirely rewind the spool. Stranded 
wire, which is capable of considerable handling, is best 
tc use for this end connection. Another method con- 
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sists in doubling up the end of the wire with which 
the coil is wound several times. The ends of the turned- 
up loops are then cleaned of insulation and soldered to 
the wire which is to be wound on and the wires twisted 
together, thus forming a flexible connection. With this 
method it will be seen that there is no break in the 
wire, as the wire which is wound on is also brought out 
in the twisted group. This is shown in Figure 125. 





Figure 125, 


Where it is necessary to make a joint in the wire with 
which a coil is being wound the ends should be twisted 
together and soldered. With fine wires a small piece 
of paper simply folded over the joint and held in place 
by the succeeding turns will provide all the insulation 
necessary, the ends of the wire at the joint being cut off 
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close to the wire or otherwise disposed so that they will 
not cut through the paper covering. Special attention 
must be paid to the soldering and if the following points 
are observed satisfactory results will be obtained: The 
soldering iron should be clean and well tinned. To 
keep the iron in the proper condition it should be dipped 
in sal-ammoniac salts or a solution of sal-ammoniac and 
water just before the soldering is done. The sal-ammo- 
niac destroys the oxide which gathers on the iron and 
thus allows the solder to entirely cover the copper. The 
iron should be hot; satisfactory work cannot be done 
with a cold iron. Great care should be exercised in 
the choice of a flux, as any flux containing an acid is 
bound to leave some of the acid on the wire after the 
soldering is done, and this acid, especially with small 
wires, is very apt to eat away the wire. If any doubt 
exists as to the flux used it is well to wash the joint with 
water after soldering. If the wires are tinned, a rosin 
flux should be used. This can do no harm even though 
some of the rosin is left on the wire. 


Where large wires are used the ordinary Western 
Union joint cannot be used, as it would make too large 
an obstruction and could not be properly covered by 
the subsequent layers. A joint suitable for large wires 
is shown in Figure 126. <A piece of copper is formed 
into a cylinder of sufficient size to cover the wire. This 
is then placed over the adjoining ends and the whole 
well soldered. The two ends of wire may be cut on a 
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bevel and then wound with smaller wire and the whole 
soldered. 

When, with differential windings, it is desired to 
have both windings have the same effect, they are wound 
on together, two wires at a time. It is well to take the 
wires for the same magnet from the same spool, as wires 
on different spools, even though marked the same size, 
often vary in diameter and resistance, while with the 
wire from one spool there is not liable to be much varia, 
tion. 


——— 


Figure 126. 


A non-inductive winding, which is often used for re- 
sistance spool windings, consists of a double winding 
with one end of the winding closed. When it is desired 
to make a winding of this kind, enough wire is measured 
off to serve for the complete winding. This wire is then 
doubled together at the middle point and wound on the 
spool, the two wires being wound on at one time. It 
will be seen that when current is passed through the 
wire it will flow in opposite directions in the two wires 
lying side by side and no magnetism will result. This 
winding will therefore have no inductance, this point be- 
ing especially advantageous in the case of resistance 
spool windings. 
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The insulation of the magnet winding is of import- 
ance and varies according to the purpose to which the 
magnet is to be put. If it is to be used in a dry place 
the insulating covering of the wire can be depended 
upon for proper insulation, while if the magnet is to 
be exposed to moisture special precautions must be taken 
to afford a good insulation. The covering of the wire and 
the paper used for separating the layers will both absorb 
moisture. Shellac is the common agent used for insulat- 
ing purposes. Each layer of wire as it is wound on 
can be covered with shellac and the completed winding 
also covered. The coil should be thoroughly baked to 
drive out all moisture and to harden the shellac. The 
finished coils are sometimes submerged in a tank filled 
with insulating compound. When a very good insula- 
tion is desired the air is exhausted from the tank before 
the compound is let in, and after the coils are submerged, 
ilir pressure is applied to force the insulating compound 
into all the spaces between the windings. 

German silver or iron wires are generally used for 
coils that are to be used for heating purposes. There 
are also special wires made to be used for this purpose 
which can be obtained from the various wire manufac- 
turers. These wires are generally used bare, and for 
economy of space should be run close together. This 
can only be done by winding them upon a support that 
is very substantial and by winding the wires very tight. 
The metal of which the support consists should have as 
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nearly as possible the same coefficient of expansion as 
the wire used. In order to effect the tight winding of 
the wire upon the support the winding is done in a 
lathe and the wire run through a number of tension 
wheels as indicated in Figure 127. Coils of this type 
are also formed by winding the wire tightly around an 





Figure 1-7. 


iron rod and then mounting them in suitable supports 
so that they are stretched out and adjacent turns some- 
what separated. 

The resistances of smaller wires as given in the tables 
furnished by the manufacturers vary considerably and 
it is not always safe to assume any given resistanee in 
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calculating the wire for a magnet. It is always more 
satisfactory to obtain a piece of the wire which it is 
intended to use and determine the exact resistance. 


FACTS ABOUT ELECTRO-MAGNETS, 


Heating.—The heat generated in the coils of a direct 
current electromagnet is proportional to the square of 
the current used. 

It also varies directly as the square of the voltage 
and as the product of the current and voltage. 

In alternating current magnets the heating is greater 
by an amount due to hysterisis and foucault currents. 

The heating from hysterisis and foucault currents is 
furthermore much increased with an increase in the fre- 
quency. 

Radiating Surface—tThe radiating surface of coils 
must be taken as equal to the length times the. cireum- 
ference. The surface of the ends cannot be considered. 

A radiating surface ranging from 1 to 3 square 
inches per watt of energy expended in the coils is nec- 
essary to limit the heating. The lower radiating surface 
is permissible only where the ventilation is extremely 
ood or the current used only at intervals for a short 
time. 

Magneto-Motive Force-—The magneto-motive force, or 
M.M.F., also known as ‘‘ampere turns,’’ is equal to the 
product of the current and the number of turns of wire 
ihrough which it passes around the coil. 
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Magnetic Reluctance.——This corresponds to resist- 
ance in the electric circuit and is similar in nature. It 
decreases as the cross-section of the core is increased 
and increases with the length. The reluctance of air is 
from 50 to 1,500 times greater than that of iron, the 
variation in the iron being due to the degree of satura: - 
tion. 

Sparking.—This is much greater where the M.M.F. 
is made up of a small current and a correspondingly 
large number of turns than it is with a large current 
and a small number of turns. 

Inductance.—The inductance is also greater with 
many turns of wire than with a few. It also increases 
with an increase in the frequency and a betterment of 
the magnetic circuit. 

Hysterisis—This is one of the causes of the heating 
of the cores of alternating current magnets. It is less- 
ened by selecting very soft annealed iron or steel. It 
is increased by imperfect iron or steel. It is further 
increased by an increase in the frequency of the reversal 
of current. 

Foucault Currents.—Foucault currents are induced 
in the iron cores of alternating current magnets, and 
tend to heat it. They are prevented to a degree by 
laminated cores and their effect is greatly increased 
with an increase in the frequency. 

. Size of Wire—A given number of ampere-turns 
(mean diameter of coil and voltage being fixed) can be 
obtained from a certain size of wire only. 
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The ampere-turns will remain the same no matter 
how many turns of the same size of wire are used so 
long as the voltage and the mean length of the turns 
are not changed. 

To obtain an increase in the number of ampere-turns 
requires an increase in the diameter of the wire used. 

To obtain the same number of ampere-turns with dif- 
ferent mean diameters of winding, the cross-section of 
the wire must vary in the same proportion as the mean 
dliameters of the coils. 

Assuming that the insulation of all sizes of wire is 
in the same proportion to the diameter of the wire, the 
weight of copper in a coil of given dimensions is the 
same no matter what size of wire is used. 

Energy Consumption.—From a certain size of wire 
we obtain a certain number of ampere-turns. We get 
the same effect from one turn as from thousands, but the 
treater the number of turns the lower will be the 
consumption of energy. Theoretically, magnetism can 
be produced without consumption of energy. In a given 
coil the consumption of energy will vary as the square 
of the voltage or as the square of the current used. 

Resistance-—Neglecting the effect of the insulation 
upon the number of turns, the resistance of a coil of 
fixed dimensions will vary as the 4th power of the 
iliameter of the wire. 

The resistance of a coil of a given volume will also 
vary as the square of the number of turns. 
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It is often given as a rule for the winding of electro- 
magnets that the resistance of the magnet or a number 
of them should be made equal to the resistance of the 
line and the battery. How far this is correct is illus- 
trated in the following table. It will be seen that this 
rule is useful only in obtaining the maximum effect 
from a given battery and line, but does not take in the 
efficiency of operation at all. The table gives the re- 
sults obtained from a given spool wound to the same 


volume with different sizes of wire. 
Assumed voltage; 20 volts. 
Resistance of line and battery 20 ohms. 








B & §, |Resistance. ae Amperes.| Watts. |AmpTurns. ae oot 
20 8.02 760 87 17.4 661 38 
22 7.22 1140 73 14.6 832 57 
24 17.04 1694 54 10.8 915 85 
26 39.6 2478 33 6.6 818 124 
28 90.0 3549 18 3.6 639 177 
30 182.4 4986 10 2.0 499 249 
32 440.9 6870 043 .86 295 343 
34 947.0 9272 021 42 194 462 
86 | 1975 12160 O01 .20 122 608 


Thickness of Insulation.—The average thickness of 
insulation for magnet wire is something like the fol- 
lowing: 

For armature winding an insulation consisting of 
one layer of cotton and one of silk is often used. The 
silk alone does not stay well on the sharp bends. 





B & 8 Gauge. |Double cotton.| Single cotton.| Double silk. Single silk. 
20 to 40 8 mils. 4 mils. 4 mils. 2 mils. 
10 to 20 10 mils. 5 mils. 

0to10 |__ 15 mils. 8 mils. | 








CHAPTER XI. 
USEFUL FORMULAS AND TABLES. 


In the following formulas it is assumed that the wires 
lie squarely over one another in the coil, each wire fully 
occupying a space equal to the square of its diameter. 
As in most coils some insulating medium is placed be- 
tween the different layers, this is about the condition 
which exists in practice. 

The symbols used in the formulas are as follows: 
d=diameter of wire, in inches, over insulation. 
l=—length of wire, on spool, in inches. 

nt—number of turns. 

r=resistance of one foot of wire. 

rs=radiating surface. 

B=diameter of core and insulation, in inches. 

D=—diameter over outside of completed winding in 
inches. 

L-length of winding space on spool, in incheg 

N=depth of winding from core to outside, in in hes, 

W=weight of wire. 

a,c, k==constants for use in the formula, given in the 

tables below. Each constant has a different 
value for each size and Kind of wire used. 


Number of turns in a given spool (see Figure 128): 


nt vs 
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Figure 128, 


Diameter of wire to give a certain number of turns: 


qink meses 





Cross-section of winding space, or LXN, necessary 
to accommodate a certain number of turns of a given 
wire: 

LX N=d? X nt. 
Length of wire on a given spool: 
l—(D?—B?)LXk. See table below for value of k. 


Weight of wire on a given spool: 
W=(D?—B?)LXe. See table below for value of ec. 


Resistance of wire on a given spool: 
R=(D?—B?)LXa. See table below for value of a. 


Radiating surface for a given spool: 
nm=DX3.14XL. 
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TABLE OF CONSTANTS. 








k Constant for Length. | c Constant for Weight. ® eS Resist. 





a |Pouble| Single | Single |Double| Single | Single] Double} Single | Single 
Cotton| Cotton] Silk | Cotton|Cotton| Silk | Cotton|Cotton| Sik 











20 40.9 50.4 56.7 | .137 -162 415 51 576 
21 50.4 64.1 72.7 -638 81 +920 
22 60,2 78.0 89.7 97 1.257) 1.445 
23 68.3 89.7 | 104.7 1,387 1.82 2.08 
24 83.6 113.5 | 135, -1115 | .149 2.14 2.91 3.46 
25 97.2 135, 163. 3.14 4.36 5.27 
26 114. 163. 202. 4.65 5.65 8.24 
27 135, 202. 255. 6.94 11.75 | 13,1 
28 148. 226. 291, 0845 | .122 9.60 14.62) 18.82 
29 182, 291. 387. 14.85 | 23.7 31.6 
30 201 334. 454 20.7 34.4 46.8 
31 226. 387. 542. 29.36 | 60.25) 70.4 
32 255. 454. 655. 0687 | .1045 41.8 74.4 | 107.2 
33 291. 542. $12. 60.83 | 114.5 | 168. 

«4 334 655. | 1023 87.1 170.5 | 266.5 
35 354 712. | 1140, 116.2 | 24. * 374 

36 387, 811. 1340, 0492 0825 160. $35.5 | 555 

387 422 897. | 1582 220.5 | 468. 806. 

38 457, 1023. | 1 308, 674. = 1192 

39 496 1170. | 2165. 412, 972, | 1795. 

40 | 532. 1300. | 2525. .038 0615 1360.- 








TABLES, 


TABLES OF SQUARE ROOTS, 


The tables of square roots given in this chapter will 
greatly facilitate calculations involving the squaring of 
numbers or the extraction of square roots. This be- 
comes frequently necessary in armature and magnet cal- 
culations. 
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There are two tables, each covering two pages. One 
of these tables is to be used for numbers from .1 to 99.9, 
inclusive, and the other for numbers from 1 to 999. 

The first one or two figures of every number between 
these limits is given in the first left-hand column. If 
there are three figures in the number the third one will 
be found at the head of one of the columns to the right. 
For instance, if the number of which we desire to find the 
square root is 233, we find 23 in the first column at the 
left and the remaining 3 in the column at the right 
headed ‘‘3.’’ If the number of which we wish to find 
the square root consists of only two numbers, we find 
the first number in the column at the left and the re: 
maining number in one of the columns at the right 
For instance, if we have the number 36, we go down 
the first column to figure 3 and in line with this figure 
and under the column headed ‘‘6’’ we will find the 
square root. 

The root of a whole number consists of a whole num- 
ber and a decimal. The whole number is found under 
the column headed ‘‘0’’ and the decimal under one of 
the columns at the right. For instance, the square root 
of 233 is 15.26, the whole number (15) being found 
under the column headed ‘‘0’’ and the decimal (.26) 
under the column headed ‘‘3.’’ The whole numbers in 
the column headed ‘‘0’’ hold for all the numbers fol- 
lowing until a larger whole number is: given. Wherever 
in any line the numbers are underlined these numbera 
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belong to the next higher whole number. For instance, 
the square root of 259 is 16.09, the whole number (16) 
being found ahead of this number instead of the num- 
ber following it. 

Whenever the root of a number carried to more dec- 
imal points, or smaller than any number given in the 
table, is wanted, we may multiply this number by 100, 
find the root of this product and divide it by 10; the re- 
sult will be the square root desired. Example: Find 
the square root of .475. Moving the decimal point two 
figures to the right, which effects the multiplication, we 
have 47.5. The square root of this is 6.89. Moving the 
decimal point one figure to the left, we have .689, which 
is the square root of .475. 

In case multiplication by 100 does not bring the num. 
ber within range of the tables, multiplication by any 
other number will do as well,” provided that the sub- 
sequent division is made by the square root of the 
multiplier. 

If the number is larger than any given in the table 
we reverse the process and divide by some convenient 
number and multiply by the root of that number. 
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SquaRE Roots 1. To 999. 














| bas bs al bs a Ua ius Gaba San SEASRE[SR SRSA SERHSERAS Asses 
eo | 22 SHRASASAESS SRESESIETESE RBS RSSATRaRISRH|SBEs 8 
| 


si a bf BA/Fa[ssaueass BSASLG/|ALS SES RESRSSS SESRISRARTSH|R 











| 23{|5|* SAP SRETSASE RSE[RES|SSE SSS SEq BEES SBSALESALSSSSIA 
$$ $e 


we | ae bi BR Sasqeaer sare RSS — &33 SSES[REE[SSSAe SSE Berga 





























* 8 283 BYs=]eRs bas BAB RSS ABZ BERE|ASSeASeAaasd| aren 
a RS 8 RBRS S13 a bia SE ASS ASS RSS ASS ATS ASKS SESSRBSE|RSER 8 
- hs SBS & SHSALASE & RASS N28 RSE ASR SRSS ASR RERSRSL RSE 
-| 88 BES AS 3g/eSse/9 $5 8&3 S35 ABE RSS ASE SREE AGE RSESRSEMATER a 
- se = bs & cin BS a = ae ar ae a a <e Fa ee an 
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SquaRE Roots 1. To 999. 





gle secesseecesleseses SUSSNF RS 


= 
ao 





seslesenssazazeciezasex BaSSES SSSER SVSSLE LSLKE SASLS RSS 


3 





cecleenaensesne 








47 50 52 is 56 
69 72 74 76 78 
91 93 96 98 00 
18 15 17 19 22 
35 87 89 41 43 
56 58 60 62 64 
77 79 81 83 85 
98 00 02 04 06 
19/ 21] 23) 25] 97 
89 41 43 45 47 
60 62 Of 66 68 
80; 82] 8 | 86] a8 
—02 | 02 | 04] _ 06 | _ 08 
20 22 24 26 28 
40 42 44 46 48 
69 61 63 65 67 
79 81 83 85 87 
98} 09 | 02} _04 | _06 
17 19 21 23 25 
36} 388] 40] 42] 44 
55 57 59 61 63 
74 76 78 80 81 
93 4 96 98 00 
ll 13 15 17 18 
29 31 33 35 37 
48 50 51 53 55 
66] 68] 69| 71] 73 
84 86 87 89 91 
02 04 05 07 09 
20 21 23 25 27 
37 39] 41 43| 44 
55 57 58 60 62 
72) 74) 76| 78] 779 
90} 91] 93] 95) 97 
a7 | 09 | 30} 32] 14 
24 26 27 29 31 
41] 43] 44] 46] 48 
58 60 61 63 65 
75) 77| 78} 80] 82 
92/ 93] 95] 97] 98 
o8{ 10} 12] #33] 15 
25} 27] 28] 30] 32 
41 43 45 47 48 
58 59 61 63 & 
74 76 77 79 81 
90 92 94 95 97 
08 | 08 10 11 18 
23/ 2) #26) 27] 29 
38) 40) 42/+ 43] 45 
&|] 56] 58) 69] 61 
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SquarE Roots .1 to 99.9 





9 1 2 | | 4 | 5 | 6 |.7 | .6 | .9 
a | = —/)s | 

0 ‘ag | ae! |} Bo 7 71 | .77 | 84 | .89 | .95 
1 | 1.00 | “05 10 14 18 | 22 | 26 | ‘30 | 34 | ‘38 
2 41 | 45 48 52 55 «| 58 | 61 | 64 | 67 | 70 
3 73 | 76 79 82 & 89 | 92 | 95 | 97 
4 | 2.00 | 02 05 07 io | 12 | 4 | 47 | 19 | 22 
5 24 28 30 32 | 35 | 37 | 30 | 41 | 43 
6 45 | 47 49 51 53 | 55 | 57 | 59 | 61 | 68 
7 65 | 68 68 70 72 | 7 | 76 | 77 | 79 | 81 
8 83 | 85 86 88 90 93 97 | 98 
9 | 8.00 | 02 03 05 07 wo} 1 | 13 | 15 
10 16 | 18 19 21 2 | 2 | 26 | 27 30 
1 32 35 36 38 | 39 | 41 | 42 | 44 | 45 
12 46 | 48 49 51 52 | 54 | 55 | 56 | 58 | 59 
13 61 | 62 63 65 66 | 67 | 69 | 70 | 71 | 73 
14 “a | 7% 77 78 79 | 81 | 82 | 83 | 8 | 86 
87 | 89 90 91 92 | 9 | 95 | 96 | 97 | 99 

16 | 4.0 | o1 02 o4 05 | 0 | o7 | 09 | 10] 2 
17 12 | 18 15 16 7 «| 18 | 20 | 21 | 22 | 23 
18 a1 | 25 2 238 29 | 30 | 31 | 32 | 34 | 35 
19 36 | 87 38 39 40 | 42 | 48 | 44 | 45 | 46 
20 47 | 48 49 50 52 | 68; 54 | 55 | 56 | 57 
21 59 60 62 63 | 64 | 65 | 66 | 67 | 68 
22 69 | 70 7 72 73 «| 7 | 75 | 76 | 77 | 79 
23 so | 81 82 83 84 | 8 | 86 | 87 | 88 | 89 
24 9 | 91 92 93 94 | 9 | 96 | 97 | 98 | 99 
2 | 5.00 | o1 02 03 o4 | 05 | 06 | 07 | 08 | 09 
2 10 | i 12 13 4 | 15 | 16 | 17 | 18 | 19 
27 20 | 21 22 22 23 25 | 26 | 27 | 28 
28 29 | 30 31 32 33 35 | 36 | 37 | 38 
29 39 | 39 40 41 42 | 43 | 44 | 45 | 46 | 47 
30 47 | 48 50 51 | 52 | 53 | 54 | 55 | 56 
31 57 | 58 59 59 6o | 61 | 62 | 63 | 64 | 65 
32 66 | 67 67 68 69 | 70 | 71 | 72 | 73 | 7% 
33 ma | 7 76 7 73 | 79 | 80 | 80 | 81 | 82 
ry a3 | 84 85 86 87 | 87 | 88 | 89 | 90 | on 
35 91 | 92 93 4 9 | 9 | 97 | 97 | 98 | 99 
36 | 6.00 | o1 02 03 | of | 05 | 06 | o7 | o7 
37 08 | 09 10 iL 12 | 12 | 13 | a4 | 15 | 16 
38 16 | 17 18 19 2 | 20 | 21 | 22 | 2 | 2% 
39 3 | 25 26 7 23 | 28 | 29 | $0 | 31 | s2 
40 32 | 33 34 35 36 | 36 | 37 | 38 | 39 | 40 
41 40 | 41 42 43 43 | 44 | 45 | 46 | 47 | 47 
4 43 | 49 50 50 51 | 52 | 53 | 53 | 5&4 | 55 
43 56 | 67 57 58 59 | 60 | 60 | 61 | 62 | 63 
44 63 65 66 66 | 67 | 68 | 69 | 69.) 70 
45 m1 | 92 72 73 7m =| 75 | 75 | 76 | 77'| 78 
46 78 | 79 80 80 si | 82 | 83 | 93 | 84 | 85 
47 86 87 88 as | 89 | 90 | 91 | 91 | 92 
48 93 | 94 94 95 96 97 | 98 | 99 | 99 
49 } 7.00 | o1 01 02 os | of | o4 | 05 | 06 | 06 
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SquaRkE Roots .1 To 99.9 
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COPPER WIRE TABLE. 


. 


Giving Weights of Bare Wires at 68° F., for A. W. G. 
(Brown & Sharpe.) .- 




















A.W.G. DIAMETER AREA ‘ WEIGHT 
Circular Lbs. Lbs. 
B. & 8. Inches Mils. Per Foot Per Ohm 
0000 460 211,600. 6405 13,090. 
000 4096 167,800. 5080 8,282. 
00 3648 133,100, 4028 5,177. 
0 3249 105,500. 3195 i 
1 2893 83,690. +2533 2,048, 
2 2576 66,370. -2009 1,288. 
3 52,630, +1598 810.0 
4 2043 41,740. 1264 509.4 
5 1819 100, -1002 320.4 
6 1 26,250. 07946 201.5 
7 1413 20,820. 06302 126.7 
8 1 16,510. 04998 79.69 
9 1144 13,090, ‘ 50.12 
10 1019 10,380. 03143 31.52 
ll 09074 8,234. 02493 19 82 
12 08081 6,530. 01977 12.47 
13 .07196 5,178. 01568 7.840 
14 06408 4,107. .01243 4.931 
15 .05707 3,257. 009858 3.101 
16 05082 2,583. .007818 1.950 
17 04526 2,048. 006200 1.226 
18 £04030 1,624. .004917 7713 
19 03589 1,288. 003899 4851 
20 03196 1,022. .003092 3051 
21 02846 810.1 002452 1919 
22 02585 642.4 .001945 207 
2B 02257 509.5 .001542 07589 
24 .02010 404.0 .001223 04773 
25 .01790 320.4 ‘ 
26 01594 254.1 .0007692 01888 
7 0142 201.5 0006100 01187 
28 01264 159.8 .0004837 007466 
29 01126 126.7 : 004696 
30 01003 100.4 0008042 002953 
0002413 


Seeeeeesse 
8 
—) 
3 
g 
8 
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COPPER WIRE TABLF. 


Giving Lengths, and Resistances of Bare Wire at 68° F., 
of Matthiessen’s Standard Conductivity, for A. W. G. 


(Brown & Sharpe. ) 




















A.W.G | LENGTH RESISTANCE 
B.&S Feet Feet Ohms Obme 
: Per Lb. Per Ohm Per Lb. Per Foot 
0000 1.561 20,440. 00007639 0000489 
000 1,969 16,210. 6001215 0000617 
00 2.482 12,850. .0001931 0000778 
EY 3.180 10,190. : :0000981 
1 3.947 8,083. 0004883 0001237 
2 4.977 6,410, 0007765 0001560 
3 6.276 5,084, 001285 0001967 
4 7.914 4,081, 001963 0002486 
5 9.980 3,197, 008122 0008128 
6 2.58 2,585. 004963 0008944 
7 15.87 2,011, 007892 .0004973 
8 20.01 1,595. 01255 0006271 
9 25.23 1,265. 01995 0007908 
10 31.82 1,003, 03173 0009972 
11 40.12 795.3 05045 001257 
12 50.59 630.7 08022 001586 
13 63.79 500.1 1276 001999 
14 80.44 396.6 -2028 002521 
15 lw14 814.5 8225 008179 
16 127.9 249.4 5128 004009 
17 161.3 197.8 8153 005055 
18 208.4 156.9 1,296 .006374 
19 256.5 124.4 061 008088 
20 328.4 98.66 3.278 01014 
21 407.8 78.24 5.212 .01278 
22 514.2 62.05 8.287 01612 
2B 648.4 49.21 13.18 02032 
24 817.6 39.02 20.95 02563 
25 1,031. 30.95 33.32 08231 
26 1,300. 24.54 52.97 04075 
27 1,639. 19.46 $4.23 05138 
28 2,067. 15.43 133.9 06479 
29 2,607, 12.24 218.0 .08170 
30 3,287. 9.707 338.6 -1080 
31 4,145. 7.698 538.4 -1299 
32 5,227. 6.105 856.2 1638 
33 6,591. 4.841 1,361, .2066 
ou 8,311, 3.889 2,165. +2605 
35 10,480, 3.045 8,441, 3284 
36 13,210, 2.414 5,473. 4142 
37 16,660. 1,915 * 8,702. 5222 
88 21,010. 1.519 13,870. 6585 
39 500. 1,204 22,000. 8304 
40 33,410. 0.9550 34,980. 1.047 
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TABLE OF DIAMETERS (d) AND SQUARE OF DIAMETERS (d®) 
FOR INSULATED COPPER WIRE. 


Double Cotton Single Cotton Single Silk 
B.&S. 

d 
20 -040 
21 .036 
22 .033 
2: -031 
24 | .028 
25 | .026 
26 .024 
27 .022 
28 -021 
29 -019 
30 | .018 
81 -017 
32 .016 
33 .015 
34 .014 
35 | .0136 
36 .013 
37 .0124 
38 .012 
39 .0115 


40 | .0111 
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‘ ‘i 

CURRENT CARRYING CAPACITY OF 18 PER CENT 
GERMAN SILVER. 





TEMPERATURE RISE BARE CONDUCTOR IN AIR 








E68. | ——— rr ees ae 
Gauge 1 

100° F 200° F | 300° F | 400° F 500° F 600° F 
10 | 18.6 A | 26.3 A | 32.2A187, A] 415A 45.54 
11 1161 |22.7 |27.9 |s22 | 360 | 39.5 
122 113.3 |18.8 | 23.0 | 266 | 29:7 | 32.5 
13/113 |160 | 19:55 | 22.6 | 95.2 | 27.6 
14 | 94 |18.3 |163 | 18.8 | 21.0 | 23.0 
1 | 7.9 |11.2 |18.7 | 15.8 | 17.7 | 19:3 
16 | 66 93 |115 |132 | 148 | 162 
17 | 5.5 78 | 95 {110 1128 | 18.5 
18 | 4.7 6.6 8.1 94 |105 | 11.5 
19 | 3.8 5.4 6.6 7.6 8.5 9.3 
20 | 3.3 4.7 5.7 6.6 7.4 8.1 
21 | 28 4.0 4.9 4.6 6.8 6.9 
22 | 23 3.3 4.0 4.6 5.1 5.6 
23 | 1.95 | 2.8 3.4 3.9 4.4 4.8 
24 | 1.63 | 23 2.8 3.3 3.7 4.0 
25 | 1.39 | 2.0 2.4 2.8 3.1 3.4 
26 | 1.17 | 1.7 2.0 2.3 2.6 2.9 
27 | 1.00 | 1.4 7 2.0 2.9 2.5 
28 | .88 | 1.9 1.5 17 1.9 2.0 
29 | [73 | 1.0 1.3 15 1.6 1.8 
30 | 158 "32 | 1.0 1.2 1.3 14 
31 49 69 85 98 | 144 1.2 
32 "41 ‘58 71 "82 ‘92 | 1.0 
33 "35 "50 ‘61 70 78 "86 
34 "99 "41 50 ‘58 "65 "71 
35 "25 ‘35 "43 49 "55 "60 
36 | .21 29 36 Al 46 50 
37 | 117 ‘95 "30 "85 "39 "43 
38 | 14 "20 "95 29 "32 "35 
39 | 1125 | 18 "99 "25 28 "31 
40 | :105 | 15 ‘19 ‘21 "24 ‘26 





For lron multiply these values by 1.71. 
. For 30 per cent Germaa Silver multiply these values by 8 
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TABLE SHOWING THE CURRENTS WHICH WILL FUSE WIRES 
OF DIFFERENT SUBSTANCES. 








Bats| comer. |] gram tron 
10 333, 170. 102.3 
11 284, 146. 86. 
12 236. 120.5 72.6 
13 200.0 102.6 63, 
14 165.7 84.6 50.9 
15 129. 71.2 42.1 
16 117.7 60.1 36.1 
17 99, 50.4 32.6 
18 81.9 41.8 25.2 
19 66.7 34.2 20.2 
20 58.5 29.9 18. 
21 49.3 25.3 14.9 
22 41.1 21. 12.4 
23 84.5 17.7 10.9 
24 28.9 14.8 * 8.9 
25 24.6 12.6 7.46 
26 i. 20.7 10.6 6.4 
27 17.7 9.1 5.36 
28 14.5 7.4 4.5 
29 12.5 6.41 3.79 
30 10.2 5.2 3.1 
31 8.75 4.49 2.65 
32 7.8 3.7 2.3 
33 6.19 3.18 1.88 
34 5.1 2.6 1.6 
35 4.37 2.24 1.33 
36 3.6 1.8 1.1 
37 3.08 1.56 -93 
38 2.52 1.30 .76 
89 2.20 1.11 -67 
40 1.84 +95 .5F 











The above «Gite is calculated from the well known 
formula due to W. H. Preece, F. R. S. 
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TABLE FOR DETERMINING MEAN LENGTH OF TURNS. 


DOUBLE COTTON COVERED WIRE. 


a a") 

<3 p 
e oS a8 

ae | & 
mw 8 a8 
: me : One-half Number of Layers in Coil. 
: = . 
: $B: 2 4 #6 8 10 14 18 24 
40 11.4 .0111 .022 .067 .111 .155 200 = .289 377 511 
39 14.4 .0115 .023 .069 .115 -161 07 -299 391 529 
38 18.2 .0120 .024 .072 .120 .168 216 312 408 552 
37 22.9 .0124 .025 .075 .125 175 225 .325 425 575 
36 28.9 .0130 .026 .078 .130 182 234 §=.338 442 598 
35 36.8 .0136 .027 .081 .135 -189 243 351 459 621 
34 46.1 .0140 .028 .084 .140 -196 262 364 476 664 
33 58.1 .0150 .030 .090 .15u -210 270 390 510 690 
32 73.2 .0160 .032 .096 .160 .224 288 416 .544 136 
31h 92.4 .0170 .034 .102 .170 =.238 306 ,.442 578 782 
30 116. 0180 .036 .108 .180 -252 324 468 612 828 
29 «147, 0190 .038 .114 .190 §=.266 342 494 646 874 


Sted i ee at wa, <8 we 


01 
26 293. .0240 .048 .144 .240 .336 .482 624 816 10 
25 371. .0260 .052 .156 .260 .364 .468 676 .884 20 
24 86461 -0280 .056 .168 .280 392 504 728 952 29 
23 «591 -0310 .062 .186 .310 434 558 806 1.05 43 
22 745. .0330 .066 .198 .330 .462 594 .858 1.12 52 
21 938. .0360 .072 .216 .360 .504 648 .936 1.22 66 
20 1183 -0400 .080 .240 .400 560 .720 1.04 1.36 84 
19 1500 -0444 .089 .267 .440 616 .792 1.14 1.50 02 
18 1875. -0493 .099 .297 .493 690 .887 1.27 1.68 27 
17 2400 -0543 .109 .827 .545 760 .977 1.41 1.84 50 
16 3000 -0598 .120 .360 .600 837 1.08 1.55 2.03 15 
15 3750 -0661 .132 .396 .660 925 1.19 1.72 2.25 04 
14 4800 -0731 .146 .438 .730 1.02 1,32 1.90 2.48 36 
13 6000 +0810 .162 .486 .810 1.13 146 2.11 2.75 73 
12 7500. .0908 .182 .546 .910 1.27 1.63 2.36 3.09 18 


Rue or TaBLeE.—To find the number of ampere turns ob- 
tainable from any size of wire given multiply the value of 
ampere turns given in table by the voltage to be used and 
divide this by 3.14 times the diameter of core plus the num- 
ber found in vertical column which represents one-half of 
the number of layers considered. 

The ampere turns depend only upon the voltage, the size 
of wire and the mean length of turns. 
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TABLE FOR DETERMINING MEAN LENGTH OF TURNS. 


SINGLE COTTON COVERED WIRE. 


wv a ay 
» 

» sy %% 

ea ae 
n ae oe 
: 2 
i One-half Number of Layers in Coil. 
. ial 
: $2 2 4 6 8 10 14 18 24 
40 11.4 .0071 .014 .042 .070 098 .126 .182 .238 327 
39 14.4 .0075 .015 .045 .075 105 .135 .195 255 -845 
38 18.2 .0080 .016 .048 .080 112 «.144 )»3=.208 = .272 .368 
37 22.9 .0084 .017 .051 .085 119 .153 .221 8 .289 389 
36 28.9 .0090 .018 .054 .090 .126 .162 .234 .306 -430 
35 36.8 .0096 .019 .057 .095 .133 171.247) 323 «442 
34 46.1 .0100 .020 .060 .100 140 180 .260 .340 -460 
33 58.1 .011 .022 .066 .110 .154 198 .286 .374 506 
32 73.2 .012 .024 .072°.120 .168 216 .312 .408 552 
31 92.4 .013 .026 .078 .130 182 234 .338 8§©.442 598 
30 =-116. 014 .028 .084 .140 .196 252 «8.364 =.474 .644 
29 147. 015 .030 .090 .150 210 270 .390 -510 -690 
28 8185. 017 .034 .102 .170 .238 306 .442 8.578 +782 
27 233. .018 .036 .108 .180 ,252 .325 .468 .612 828 
26 486.293. 020 .04 200 280 6 -520 = .680 .920 
25 371. 022 .044 .132 .220 308 396 572 -T48) = «1.01 
24 461. 024 .048 .144 .240 336 432 .624 -816 1.10 
23 = 5691. 027 .064 .162 .270 378 486 .702 .918 1.24 
22 = 746. 029 .058 .174 .290 406 522.75 -986 1.38 
21 938. 032 .064 .192 .320 448 576 .832 1.09 1.47 
20 1183. 036 .072 .216 .360 504 648 -936 1.23 1.66 
19 1500. 040 .080 .240 .400 560 720 1.04 1.36 1.84 
18 1875. 045 .090 .270 .450 630 810 1.17 1.53 2.06 
17 2400. 050 .100 .300 .500 700 900 1.30 1.70 2.29 
16 3000. 055 .110 .330 .550 170 990 1.43 1.87 2.54 
15 3750. 062 .124 .372 .620 868 1.16 1.61 2.11 2.83 
14 4800. 069 .138 .414 .690 966 1.24 1.79 2.36 3.15 
13 6000. O77 .154 .462 .770 1.08 1.39 2.00 2.62 3.52 
12 7500. 086 .172 .516 .860 1.20 1.55 2.23 2.92 3.95 


Rute or Taste.—To find the number of ampere turns ob- 
tainable from any size of wire given mu.ciply the value of 
ampere turns given in table by the voltage to be used and 
divide this by 3.14 times the diameter of core plus the num- 
ber found in vertical column which represents one-half of 
the number of layers considered. 

The ampere turns depend only upon the voltage, the size 
of wire and the mean length of turns. 
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TABLE FOR DETERMINING MEAN LENGTH OF TURNS. 


SINGLE SILK COVERED WIRE. 


ir 
<, » 
e eo 
= 

n “eo On 

. ~ “4 . 

: we : One-half Number of Layers in Coil. 

: eo: 

5 eo bd 

: 53 : 2 4 6 8 10 14 18 24 
40 11.4 .0051 .010 .030 .050 .070 .090 30 170 230 
39 14.4 .0055 .011 .033 .055 077 .099 143 187 253 
38 18.2 .006 .012 .036 .060 .084 108 156 207 276 
37 22.9 .0064 .013 .039 .065 .090 .116 168 219 297 
36 28.9 .007 .014 .042 .070 .098 .126 182 238 322 
35 86.8 .0076 .015 .045 .076 .106 -137 198 258 -350 
34 46.1 .008 .016 .048 .080 112 144 208 272 368 
33 58.1 .009 .018 .054 .090 126 162 234 306 434 
32 73.2 .010 .020 .060 .100 .140 180 260 340 460 
31 92.4 .011 .022 .066 .110 154 198 286 374 506 
30 116.5 .012 .024 .072 .120 .168 216 312 408 552 
29 146. 013 .026 .078 .130 .182 234 338 442 598 
28 185. 015 .030 .090 .150 .210 270 390 510 690 
27 233. 016 .032 .096 .160 -224 288 416 544 136 
26 293. .018 .036 .108 .180 .252 824 468 .612 .828 
25 371. 020 .040 .120 .200 .280 .860 -520 -680 -920 
24 461. 022 .044 .132 .220 308 396 5672 -748 = 1.01 
23 591. 025 .050 .150 .250 350 450 .650 -850 1.15 
22 745, 027 .054 .162 .270 378 486 702 .918 1.24 
21 938. 030 .060 .180 .300 420 540 -780 1.02 1.38 
20 1183 034 .068 .204 .340 476 2 884 1.16 1.56 
19 1500, 037 .075 .225 .3875 §25 675 -975 1.27 1.72 
18 1875. 042 .084 .252 .420 588 756 1.09 1.43 1.93 
17 2400 047 .094 .282 .470 658 826 1.22 1.60 2.16 
16 3000. 053 .106 .318 .530 142 954 1.38 1.80 2.24 
15 3750 059 .118 .354 .590 826 1.06 1.53 2.00 2.73 
14 4800 .066 132 .396 .66 924 1.19 1.72 2.24 3.04 
13 6000 074 .148 .444 .740 1.04 1.33 1.92 2.52 3.40 
12 7500. 083 .166 .498 .830 1.16 1.49 2.16 2.82 3.82 


RuLe oF TaBLeE.—To find the number of ampere turns ob- 
tainable from any size of wire given multiply the value of 
ampere turns given in table by the voltage to be used and 
divide this by 3.14 times the diameter of core plus the num- 
the number of layers considered. 
ber found in vertical column which represents one-half of 

The ampere turns depend only upon the voltage, the size 
of wire and the mean length of turns. 


° 
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TABLE FOR DETERMINING MEAN LENGTH OF TURNS. 


ENAMELED WIRE. 


w “> py’ 

43 3b 
& 28 38 

ea o% 
wn o 9 
Py — o 
° 4 Al" 
. pe 
. 4 
. 3 | 2 4 
40 11.4 .0034 .007 .021 
39 14.4 .0038 .008 .024 
38 18.2 .0044 .009 .027 
37 22.9 .0049 .010 .030 
36 28.9 .0054 .011 .033 
35 36.8 .0060 .012 .036 
34 46.1 .0068 .014 .042 
33 58.1 0076 .015 .045 
32 73.2 .0086 .017 .051 
31 92.4 .0096 .019 .057 
30 116. 0107 .021 .063 
29 147. .0121 .024 .072 
28 185, 0135 .027 .081 
27 233. -0151 .030 .090 
26 293. .0169 .034 .102 
25 871. -0189 .038 .114 
24 461. -0212 .042 .126 
33 591. 0237 .047 .141 
22 745, -0266 .053 .15 
21 938. -0298 .060 .180 
20 1183, .0333 .067 .20 
19 1500 0372 .074 .222 
18 1875 0417 .083 .249 
17 +2400 -0468 .094 .282 
16 3000 -0523 .105 .315 
15 3750 0587 .117 .351 
14 4800 0658 .132 .396 
13 6000 -O738 .148 .444 
12 7500 -0827 .165 .495 
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RvuLE OF TABLE.—To find the number of ampere turns ob- 
tainable from any size of wire given multiply. the value of 
ampere turns given in table by the voltage to be used and 
divide this by 3.14 times the diameter of core plus the num- 
ber found in vertical column which represents one-half of 
the number of layers considered. 

The ampere turns depend only upon the voltage, the size 
of wire and the mean length of turns. 


CHAPTER XII. 
PLUNGER MAGNETS 

In lifting magnets of the general type shown by Jig. 
117 there is a very strong pull, but it is exerted through 
only a short distance, such as a fraction of an inch. 
The magnet does not lift the load through motion pro- 
duced by magnetic attraction, but merely holds the load 
to itself while both magnet and load are raised by some 
mechanical power such as a winch operated by an elec- 
tric motor or a steam engine. 

Lifting magnets are used for handling scrap iron, 
pig iron, barrels of nails, and any detached articles of 
iron or steel. A magnet about 414 feet in diameter 
using ten kilowatts of electric power may have a maxi- 
mum lifting capacity of about 25 tons. However, the 
actual lifting ability depends on how much of the sur- 
face of parts being handled is in contact with the face 
of the magnet. The 25-ton magnet will lift only about 
114, tons of pig iron in bars, because of the small areas 
of contact. 

The lifting magnet is lowered into contact with the 
articles to be handled, then the current is turned on to 
lock the load to the magnet. To release the load from a 
direct current magnet, a controller puts a small reverse 
current through the winding in order to kill the residual 
magnetism. This cuts the time for releasing to about 
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one-fifth what it would be when only turning off the 
current without any reversal. 

Current through the winding of a plunger magnet 
such as shown by Fig. 118 magnetizes the plunger in 
such direction that the north poles of both winding and 
plunger are at the same end, either upper or lower, and 
the two south poles are at the opposite end. Then, when 
the plunger is out of the winding, as in the diagram, 
the north pole of the plunger is nearest the south pole 
of the winding. Since magnetic lines of force always 
act to make the magnetic path as short as possible, the 
plunger is forcibly drawn into the winding. 

As the plunger just commences to enter the winding, 
there is practically no pull. As the plunger moves 
farther and farther into the winding the pull increases 
rapidly until, with the position shown by Fig. 118, it 
is approaching its maximum value. The maximum pull 
is realized when the plunger is about half way into the 
winding, and continues until the plunger is about three- 
fourths of the way in. Then the pull commences to drop 
off, and with the plunger all the way in, the force is 
practically the same as when at the position of Fig. 118. 
The strong pull at the end of the stroke results from 
the iron which encloses the upper end of the winding 
and whieh acts as a stop for the plunger. Without the 
stop there would be but little holding effect at the end 
of the stroke. 

Instead of having the stop at the upper end of the 
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winding, as in Fig. 118, it may extend down into the 
winding in the form of an iron plug. Then the plunger 
cannot move all the way into the winding, but only as 
far as the stop. The result of using this style of stop 
is that the pull increases at a great rate as the inner 
end of the plunger approaches the plug or stop. When 
the end of the plunger comes against the stop there is 
a holding effect many times greater than obtained with 
the construction of Fig. 118. This construction is used 
when the load is to be pulled through a moderate dis- 
tance and then held securely in position. With a wind- 
ing 12 inches long and a stop extending 214 inches 
into the winding, the pull increases at a fairly steady 
rate until the plunger has entered to a distance of about 
eight inches. During the remaining 114 inches of travel 
the pull increases at a rapid rate. 

To obtain a somewhat greater pull at the beginning 
of the stroke, a more uniform increase of pull through- 
out the stroke, and to avoid the sudden increase of pull 
at the end of the stroke, the entering end of the plunger 
may be made conical in shape, and a corresponding 
cone-shaped recess made in the end of the plug. Such 
magnets are used chiefly for short strokes, since with 
a long plunger the conical end would be too small a 
portion of ‘the whole length to have much effect on 
operation. 
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